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I 
ABSTRACT 
An a r r a y comprising e i g h t m u l t i w i r e d r i f t chambers has been 
developed and i n s t a l l e d i n the g-2 muon storage r i n g at CERN w i t h the 
main o b j e c t i v e s being t o measure the c i r c u l a t i n g beam p r o f i l e and the 
momenta of decay e l t i c t r o n s . 
C o n s t r u c t i o n a l design f e a t u r e s i n c l u d e narrow framework and 
an extremely t h i n curved end member, the l a t t e r having been converted 
i n t o a s e n s i t i v e d r i f t space. 
Prototype models of the chambers have been used t o se l e c t 
the o p e r a t i n g parameters and t o i n v e s t i g a t e the general p r o p e r t i e s and 
c a p a b i l i t i e s of such d e t e c t o r s . Argon(90%) and Methane(10%) has been 
chosen from several gas mixtures t e s t e d and has been used e x t e n s i v e l y 
throughout t h i s work. 
Prototype and production.chambers have been operated i n the 
e*" a c c e l e r a t o r beam at the Daresbury Laboratory using a computerised 
data a c q u i s i t i o n system and s p a t i a l r e s o l u t i o n s of the order 100 t o 
3-50 jL'.Tb have been recorded i n magnetic f i e l d s up t o 7.5 KGauss. T h i s 
system has also enabled a q u a l i t a t i v e study o f c e r t a i n simulated g-2 
c o n d i t i o n s . 
A simple model based on c l a s s i c a l equations has been used t o 
s e l e c t an e l e c t r i c f i e l d c o n f i g u r a t i o n , which enables good operation 
I I 
i n a strong non-uniform magnetic f i e l d up t o 1^.75 KGauss, and t o 
p r e d i c t the behaviour of d r i f t i n g e l e c t r o n s i n such an environment. 
The op e r a t i o n of the chambers under experimental c o n d i t i o n s 
has been s t u d i e d , and i n i t i a l r e s u l t s from the storage r i n g are 
discussed t o g e t h e r w i t h proposed f u t u r e work. 
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CHAFTER 1 
THE DRIFT CHAMBER TECHNIQUE 
1.1 P a r t i c l e Detectors i n High Energy Physics 
Over the past f o r t y years, w i t h the advent o f a c c e l e r a t o r 
machines and the many breakthroughs made i n cosmic ray physics, a 
vast amount of e f f o r t has been r e q u i r e d i n the f i e l d of high energy 
r a d i a t i o n d e t e c t i o n . The e a r l i e s t d e t e c t o r s i n c l u d e d the i o n i z a t i o n 
chamber and the Wilson cloud chamber (1) i n 1912,and, since t h i s 
p i o n e e r i n g work, there has been a great *nd di v e r s e expansion i n t h i s 
p a r t i c u l a r branch of nuclear physics. Many h y b r i d devices have 
appeared and i t i s the purpose of t h i s t h e s i s t o consider the 
development and a p p l i c a t i o n o f one such device, the m u l t i w i r e d r i f t 
chamber. 
P a r t i c l e d e t e c t o r s can be subdivided i n t o v a r i o u s c a t e g o r i e s . 
There are n o n - t r i g g e r a b l e devices such as the bubble chamber and 
expansion cloud chamber; e l e c t r i c a l l y pulsed, t r i g g e r a b l e devices such 
as the spark chamber, streamer chamber, p r o j e c t i o n chamber and f l a s h 
tube; and co n t i n u o u s l y s e n s i t i v e devices such as the d i f f u s i o n cloud 
chamber, the s c i n t i l l a t i o n counter, the Cerenkov counter and the 
p r o p o r t i o n a l counter. 
The m u l t i w i r e d r i f t chamber i s a gaseous d e t e c t o r belonging 
t o the l a s t group. 
1.2 The D r i f t Chamber P r i n c i p l e 
The easiest way to i n t r o d u c e the m u l t i w i r e d r i f t chamber 
(MWDC) i s t o consider f i r s t t h e o p e r a t i o n of i t s c l o s e s t neighbour, 
the m u l t i w i r e p r o p o r t i o n a l chamber (MY/PC). This device i t s e l f i s a 
recent development by Charpak (2) o f the t r a d i t i o n a l p r o p o r t i o n a l 
counter, and has already found a s i g n i f i c a n t r o l e i n high energy 
nuclear physics. I t c o n s i s t s of two p a r a l l e l planes of wires 
separated by say 10 t o 20 mm and maintained a t a negative high 
v o l t a g e . I n betv/een and e q u i d i s t a n t from these cathode planes i s a 
s e r i e s of f i n e r (sense) wires which are spaced every 2 mm say and are 
u s u a l l y orthogonal t o the cathode wires. Such a c o n f i g u r a t i o n i s 
shown i n f i g u r e 1.1(a), the whole s t r u c t u r e being contained i n an 
enclosed gaseous volume. 
A p a r t i c l e t r a v e r s i n g a MY/PC as shown i n the diagram, 
leaves a t r a i l o f i o n p a i r s along i t s t r a j e c t o r y . I f the cathode 
v o l t a g e i s high enough, there e x i s t s around each sense wire a f i e l d 
s t r o n g enough t o enable the p r i m a r i l y deposited e l e c t r o n s t o undergo 
a s e r i e s o f i o n i z i n g c o l l i s i o n s w i t h gas molecules, b u i l d i n g up t o a 
n 
sizeable avalanche (a m u l t i p l i c a t i o n f a c t o r of approximately 10 ) 
towards the sense w i r e . Thus a c u r r e n t i s induced i n the w i r e which 
i s .usually manifested as a negative: going pulse across a r e s i s t o r 
betv/een the sense wire and e a r t h . I t so happens t h a t the avalanche 
i s l o c a l i z e d t o the nearest wire and i n e f f e c t , each wire a c t s as an 
i n d i v i d u a l counter. 
The basic p r i n c i p l e o f the d r i f t chamber i s t o d r i f t , i n 
an e l e c t r i c f i e l d , the e l e c t r o n s deposited by a p a r t i c l e towards the 
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sense wire o f a p r o p o r t i o n a l chamber and o b t a i n a s i g n a l i n the 
manner described above. I f the c o n d i t i o n s of f i e l d and gas composition 
are c o r r e c t l y chosen so as t o produce a uniform d r i f t v e l o c i t y , then 
the elapsed time between the t r a v e r s a l o f the p a r t i c l e ( u s u a l l y 
determined e l e c t r o n i c a l l y using a s c i n t i l l a t o r as a t r i g g e r ) and the 
appearance of a pulse from the sense wire gives a d i r e c t and accurate 
i n d i c a t i o n o f the s p a t i a l p o s i t i o n a t one p o i n t of the p a r t i c l e 
t r a j e c t o r y . With t h i s idea i n mind, the basic d r i f t chamber 
c o n f i g u r a t i o n i s shown i n f i g u r e 1.1 (b) ( 3 ) . 
1.2.1 The E v o l u t i o n of D r i f t Chambers. J 
A f i r s t m o d i f i c a t i o n was t o i n c o r p o r a t e the d r i f t p r i n c i p l e 
i n t o the MWPC s t r u c t u r e i t s e l f , simply by i n c r e a s i n g the separation 
of sense wires and d r i f t i n g e l e c t r o n s over distances o f the order 
10 t o 20 mm i n the sense v/ire plane. T h i s method was f i r s t r e a l i z e d 
by V/alenta et a l . ( 4 ) , the c o n f i g u r a t i o n o f such a system being-
i l l u s t r a t e d i n f i g u r e 1 . 1 ( c ) . Note the appearance of the so c a l l e d 
" p o t e n t i a l " or" f i e l d " w ires i n t e r s p a c e d between the sense wires. These 
are wires o f s i m i l a r type and maintained at a s i m i l a r p o t e n t i a l t o 
the cathode w i r e s , t h e i r purpose being t o maint a i n high e l e c t r i c 
f i e l d s i n regions v/here t h i s . parameter normally f a l l s t o zero, the 
f i e l d o b v i o u s l y being i m p o r t a n t t o the d r i f t v e l o c i t y o f e l e c t r o n s . 
Further improvement t o the u n i f o r m i t y o f the e l e c t r i c 
f i e l d was i n t r o d u c e d by Charpak et a l . ( 5 ) f the idea being t o have 
a f i x e d and con t r o l l a b l e e l e c t r i c f i e l d g r a d i e n t i n the sense wire 
plane. This was achieved by having the high v o l t a g e and sense wires 
i n t h e same d i r e c t i o n as shown i n f i g u r e 1.1(d), and grading the 
v o l t a g e from a maximum value above and below the f i e l d wire t o a 
FIG 1.1 c Walenta-type • Drift Chamber 
5mm 5* 2Cmm 
HT' Plan3s Sense Wire Field Wire 
FIG 1.1 d Charpak-type (adjustabl e - field ) Drift Chamher 
cathode wires. 
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e 0 
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minimum above and below the sense w i r e . The e l e c t r i c f i e l d thus 
produced i s i l l u s t r a t e d i n f i g u r e 1.2 where i t can also be compared 
w i t h the f i e l d of a Y.'alenta type chamber of s i m i l a r dimensions. 
1.5 The L i f e H i s t o r y of Electrons i n a D r i f t Chamber. 
Having described the basic method of d r i f t chamber o p e r a t i o n , 
i n order t o understand b e t t e r the development work described i n t h i s 
t h e s i s , i t i s worth c o n s i d e r i n g more f u l l y what happens between the 
time of p a r t i c l e t r a v e r s a l and the r e c e i v i n g of a s i g n a l pulse from the 
sense wire. 
1 . 3 » 1 Ion Formation. 
The f i r s t process i s the i n i t i a l p r o d u c t i o n of i o n i z a t i o n 
i n the gaseous volume by a t r a v e r s i n g p a r t i c l e . T his i s the r e s u l t 
of the p a r t i c l e l o s i n g energy by i n e l a s t i c Coulomb c o l l i s i o n s w i t h 
e l e c t r o n s , t h a t i s . e x c i t a t i o n and i o n i z a t i o n o f gas molecules. 
The amount of energy deposited i n t h i s manner can be 
determined from the "dZ/dx curve" and i s not discussed here. More 
important i n d r i f t chambers, perhaps, i s the number of i o n p a i r s 
produced per u n i t l e n g t h (cm. say) ( 6 ) . T h i s depends on the gas 
composition, but t o consider a commonly used gas, Argon, at 
atmospheric pressure, the number i s about 30. 
The energies of the e l e c t r o n s l i b e r a t e d w i l l depend on the 
c o l l i s i o n d i s t a n c e ; "knock on" e l e c t r o n s (6 rays) of high energy 
being produced when the distance i n v o l v e d i s small and the energy 
t r a n s f e r i s l a r g e . Many primary e l e c t r o n s ( of energies around 70 eV) 
cause secondary i o n i z a t i o n w i t h i n 1 jum o f t h e i r i n i t i a l p o s i t i o n and, 
i n the case of Argon, the t o t a l number o f i o n p a i r s deposited along 
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a t r a c k w i l l be taken t o ~ 90/cm i n t h i s manner. I t may also be noted 
here t h a t o ther e f f e c t s , such as Bremstrahlung i n the case o f 
e l e c t r o n s , can be res p o n s i b l e f o r f u r t h e r i o n p r o d u c t i o n . By keeping 
the chamber w i d t h s m a l l , the chance of 6 ray p r o d u c t i o n i s reduced 
and the i n i t i a l t r a c k t h i c k n e s s i s n e g l i g i b l e . 
1 .3.2 The D r i f t Process. 
The r e s u l t i n g e l e c t r o n s t h e r m a l i s e r a p i d l y by a s e r i e s o f 
c o l l i s i o n s t o energies given by the Maxwell formula 3kT/2 ( 1/30 eV 
at room temperature). I f an e x t e r n a l e l e c t r i c f i e l d i s a p p l i e d , each 
e l e c t r o n w i l l r e t a i n i t s random-direction thermal v e l o c i t y but w i l l also 
s t a r t t o a c c e l e r a t e i n the e l e c t r i c f i e l d d i r e c t i o n . As the e l e c t r o n 
swarm i s i n a viscous medium, a s e r i e s o f e l a s t i c c o l l i s i o n s v / i l l 
occur w i t h gas molecules, momentum exchange being small due t o the 
comparatively low e l e c t r o n mass. 
I n a d r i f t chamber, a r e s u l t a n t mean d r i f t v e l o c i t y w i l l be 
e x h i b i t e d i n the d i r e c t i o n o f the sense wire given by:-
w = < v x > = J v x F(?,?,t) d? (1.1) 
where F ( ? , ^ , t ) i s the v e l o c i t y d i s t r i b u t i o n (not n e c e s s a r i l y 
Maxwellian) a t the p o i n t "r and time t . As already i n d i c a t e d , c o n t r o l 
over the value o f w and hence p r e c i s e knowledge of d r i f t times can be 
achieved. A f u l l e r account o f d r i f t v e l o c i t i e s o f e l e c t r o n s i n 
s p e c i f i c gases i s t o be presented i n chapter k 
An important process occuring i n the d r i f t r e g i o n i s the 
d i f f u s i o n o f the swarm, the spread i n the d i r e c t i o n o f the e l e c t r i c 
f i e l d being c r i t i c a l t o d r i f t chamber work. I f the e l e c t r o n m o b i l i t y 
-6-
i n a f i e l d E i s defined, by yu = w/E, then the d i f f u s i o n i s given by:-
Cx= / 2 D . x = f 2 ^ . x (1.2) 
JU Ee Ee 
where D i s the d i f f u s i o n c o e f f i c i e n t and i s dependent on the mean 
f r e e path f o r c o l l i s i o n . £ T, i s a q u a n t i t y r e f e r r e d t o as the 
c h a r a c t e r i s t i c energy, e q u a l l i n g eD/yU and c l o s e l y r e l a t e d t o the 
e l e c t r o n temperature. 
Once again, a c e r t a i n degree of c o n t r o l can be exercised 
on the d i f f u s i o n parameter. 
1.3.5 The Avalanche Process. 
The f i n a l process i s the one producing the s i g n a l pulse. 
For a p e r i o d i c w i r e s t r u c t u r e i t has been shown (7) t h a t the p o t e n t i a l 
at any p o i n t ( x , y ) from a sense wire i n a chamber of sense wire 




2 2 2n L - In ( 4 s i n TJ_X + 4 s i n h ny) (1.3) 
where the charge d e n s i t y , q, f o r wires o f r a d i u s r and a p p l i e d 
v o l t a g e V Q ( u s u a l l y the o p e r a t i n g p o t e n t i a l above a sense wi r e ) i s 
given by:-
q = 4n £ 0 V Q (1.4) 
2^nL - I n 2n_r~j 
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Thus i t i s evident from equation (1.3) t h a t t h e r e i s a 
r a p i d increase i n e l e c t r i c f i e l d around the sense w i r e . I n t h i s 
r e g i o n , a d r i f t i n g e l e c t r o n can gain enough energy between c o l l i s i o n s 
t o i o n i z e (and e x c i t e ) gas molecules thus l i b e r a t i n g e l e c t r o n s and 
l e a v i n g p o s i t i v e i o n s , t he number of i o n p a i r s being d r a m a t i c a l l y 
increased as the process continues. 
The c u r r e n t pulse obtained on the wir e i s not due t o the 
c o l l e c t i o n o f charge from i n c i d e n t e l e c t r o n s , but r a t h e r t o the 
movement of both negative and p o s i t i v e i o n s ( i n opposite d i r e c t i o n s ) , 
and thus e x h i b i t s a f i n i t e r i s e time. As the f i n a l i o n s created are 
very near t o the w i r e , the p o s i t i v e ions moving down the e n t i r e 
p o t e n t i a l are mainly responsible f o r the induced pulse, whereas the 
e l e c t r o n s move only a small distance before being n e u t r a l i s e d at the 
wire surface.' 
l . l f A p p l i c a t i o n s o f D r i f t Chambers t o Hi.^h Energy Physics. 
D r i f t chambers are of use i n s i m i l a r circumstances t o those 
i n v o l v i n g p r o p o r t i o n a l or spark chambers, t h e i r major usefulness 
l y i n g i n the p o s s i b i l i t y o f very high s p a t i a l r e s o l u t i o n of the order 
lOO^Mm. Thus they may be found i n spectrometer a r r a y s and t r a c k 
l o c a t i n g systems of a l l types. Large d e t e c t i n g areas can e a s i l y be 
covered and as such, the d r i f t chamber may w e l l f i n d a u s e f u l place 
i n cosmic ray arrays such as the Durham "Muon Automated Research 
Spectrograph" (M.A.R.S.) 
To operate i n a c c e l e r a t o r environments, several developments 
have been necessary, some important ones being l i s t e d i n the next 
s e c t i o n . 
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1.4.1 Developments I n D r i f t Chamber Technique. 
I n order t o o b t a i n the very high s p a t i a l and t i m i n g 
r e s o l u t i o n s (lOO^wm and 5 ns r e s p e c t i v e l y ) which make d r i f t chambers 
an a t t r a c t i v e p r o p o s i t i o n , much work i s r e q u i r e d on the c o n t r o l of 
mechanical, e l e c t r i c a l and gas parameters as w e l l as the accurate 
e l e c t r o n i c s i g n a l processing and t i m i n g . The v a r i o u s c o n t r i b u t i o n s 
t o expected i n a c c u r a c i e s have been documented by Walenta (8) and are 
discussed at va r i o u s p o i n t s i n t h i s t h e s i s . 
The f i r s t problem t o a r i s e i n using d r i f t chambers i n a 
t r a c k l o c a t i n g system i s t h a t of the " l e f t - r i g h t ambiguity", t h a t i s 
t o say, a s i n g l e chamber can give no i n d i c a t i o n of which side o f the 
sense wire the p a r t i c l e t r a v e r s e d . T h i s has been solved i n several 
ways t o date (4, 9 ) , namely:-
a) The use of a sense wire doublet ( s e p a r a t i o n 0 . 2 - 1 mm). 
Each sense wire i s found t o act independently, but e l e c t r o s t a t i c 
i n s t a b i l i t i e s can occur and d i f f i c u l t i e s a r i s e from t r a c k s passing 
between the two wires. 
b) The stag g e r i n g by h a l f - c e l l distances o f a l t e r n a t e 
chambers, (a " c e l l " being the d e t e c t i o n zone common t o one sense w i r e ) . 
c) For curved t r a j e c t o r i e s , the geometry provided by four 
or more chambers w i l l y i e l d unambiguous t r a c k s - ( t o be i l l u s t r a t e d i n 
chapter 7 ) . 
d) Use i n c o n j u n c t i o n w i t h MWPC devices. 
An important aspect of d r i f t chamber o p e r a t i o n i s t h e i r use 
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i n s t r o n g magnetic f i e l d s as i s o f t e n the requirement of a high 
energy experiment. I f the magnetic f i e l d has a component p a r a l l e l t o 
the sense w i r e s , e l e c t r o n s d r i f t i n g towards the avalanche region may 
e a s i l y be d e f l e c t e d out of the chamber. This can be overcome i n 
chambers of the Charpak design by t i l t i n g the e l e c t r i c f i e l d p o t e n t i a l s 
t o set up a s p e c i f i c e l e c t r i c f i e l d v e c t o r which i n c o n j u n c t i o n w i t h 
the magnetic f o r c e v e c t o r , w i l l produce a r e s u l t a n t motion of 
e l e c t r o n s d i r e c t l y towards the sense wire . T h i s subject i s discussed 
more f u l l y i n chapter 6. 
Problems have been encountered w i t h the m u l t i t r a c k 
r e s o l u t i o n a t t a i n a b l e w i t h d r i f t chambers. The f i r s t l i m i t a t i o n i s 
the usual one f o r wire chambers, t h a t i s e l e c t r o n i c occupation time 
of the a m p l i f i e r - d i s c r i m i n a t o r , and can .be minimised ( t o about 25 ns) 
by c a r e f u l e l e c t r o n i c design. The second l i m i t a t i o n i s the c o l l e c t i o n 
time of a l l the e l e c t r o n s and the time r e q u i r e d f o r the r e s u l t i n g 
p o s i t i v e space charge t o d i s s i p a t e (200 ns or more); obviously gas 
composition i s important i n t h i s case. F i n a l l y , confusion between 
events occuring v / i t h i n a time l e s s than the maximum d r i f t time can 
now be e l i m i n a t e d (up t o a p o i n t ) using more s o p h i s t i c a t e d t i m i n g 
c i r c u i t s . 
Two dimensional readout methods have been i n v e s t i g a t e d 
(10, 11) examples being given below:-
a) Induced p o s i t i v e pulses on the cathode wires can be 
d u l y processed using e i t h e r delay l i n e or pulse centre of g r a v i t y 
techniques. 
b) The measurement of the p o s i t i o n of the avalanche along 
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the l e n g t h of a sense wire can be achieved using a curr e n t d i v i s i o n 
method. 
Second s p a t i a l coordinates can be obtained t o v / i t h i n ±2ram. 
Drift.chambers have been proved capable o f high e f f i c i e n c y 
o p e r a t i o n i n environments of high r a t e s and angled p a r t i c l e 
t r a j e c t o r i e s (12, 13). 
Having discussed some of the major developments i n t h i s 
f i e l d over recent years, i t i s now worth-while l o o k i n g at some t y p i c a l 
a p p l i c a t i o n s . 
1.4.2 A Range of A p p l i c a t i o n s o f D r i f t Chambers i n High Energy Physics. 
One of the f i r s t a p p l i c a t i o n s o f m u l t i w i r e d r i f t chambers 
i n a high energy physics experiment i n v o l v e d a s e r i e s of l a r g e 
chambers (dimensions v a r y i n g i n the range 1 t o 2 metres) developed 
by the CERN-Heidelberg group under Walenta ( 8 ) . These were used at the 
CERN PS from 1971-2 i n an experiment t o determine the branching r a t i o 
K?-» e^v/K4"—>ju*S) , s u c c e s s f u l l y o p e r a t i n g a t p a r t i c l e r a t e s o f 6 x 10^ 
per second. 
Charpak's group at CERN (14) have developed d r i f t chambers 
p 
o f dimensions (2.2 x 1.5)m f o r use to g e t h e r w i t h spark chambers i n 
the OMEGA spectrometer during a neutron experiment. These chambers 
each comprise several planes o f sense wires and employ 25 mm d r i f t 
spaces, they have been s u c c e s s f u l l y operated i n p a r t i c l e r a t e s o f 
10 per second and magnetic f i e l d s o f 18 KGauss. 
A magnificent set o f (3.6 x 3.6)m chambers have been b u i l t 
a t Harvard U n i v e r s i t y by Rubbia et a l . (15) f o r momentum measurements 
o f high energy muons i n a n e u t r i n o experiment a t NAL. 5 cm d r i f t 
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spaces y i e l d e d time and s p a t i a l r e s o l u t i o n s of 11 nsec. and 0.35 mm. 
r e s p e c t i v e l y . 
A chamber of the type described i n f i g u r e 1.2(b) w i t h two 
50 cm. d r i f t spaces has been developed by Saudinos et a l . a t Saclay 
(16), i n order t o i n v e s t i g a t e the f e a s i b i l i t y o f cheaply covering 
l a r g e areas i n experiments. S p a t i a l r e s o l u t i o n s o f between Q.k and 1.3 
mm. ( f o r d r i f t l e n g t h s o f 7 and 50 cm. r e s p e c t i v e l y ) have proved t o be 
very encouraging. 
A novel device has been proposed by an Oxford U n i v e r s i t y 
group ( 1 ? ) , the idea being t o sample, using 300 M'.VPC wi r e s , the energy 
deposited by a p a r t i c l e . D r i f t l e n g t h s o f up t o 2m w i l l be employed 
and 300 p o s i t i o n a l measurements w i l l be y i e l d e d (each t o w i t h i n i 2mm.) 
f o r each t r a c k . Such a device w i l l be used t o d i s t i n g u i s h kaons, pions 
and protons from 5 GeV/c t o 100 GeV/c. 
A proposal has been made by the European Huon c o l l a b o r a t i o n 
(18) t o b u i l d many raultiwire d r i f t chambers of v a r i o u s s i z e s f o r use 
i n an extensive programme of muon physics at the CERN SPS. S p a t i a l 
r e s o l u t i o n s o f the order 0.3 t o 0.6 mm. w i l l be r e q u i r e d as w i l l the 
e f f i c i e n t o p e r a t i o n i n high magnetic f i e l d s and w i t h high p a r t i c l e 
r a t e s . 
I n g e neral, t h e r e i s c u r r e n t l y an extensive programme o f 
work i n the development of d r i f t chambers, f o r h i g h energy physics. The 
fundamental work on discharge p r o p e r t i e s i s u s u a l l y done using s m a l l , 
s i n g l e sense v/ire chambers, whereas the experimental demand i s o f t e n 
f o r l a r g e area devices such as those described above. 
l . * t . 3 The Comparison of D r i f t Chambers w i t h other P a r t i c l e Detectors. 
The most reasonable comparisons t o be made are w i t h the wire 
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spark and p r o p o r t i o n a l chambers, these being by now w e l l e s t a b l i s h e d 
as t o o l s i n a c c e l e r a t o r physics experiments. The m u l t i w i r e d r i f t 
chamber stands on an equal f o o t i n g w i t h these s a i d devices i n the 
f o l l o w i n g respects;-
The basic c o n s t r u c t i o n i s of a simple nature and t o vary 
the shape and s i z e i s f a i r l y easy (extensive work i s already i n 
progress on s p h e r i c a l d r i f t chambers ( 1 9 ) ) . Reasonably cheap gas 
mixtures and b u i l d i n g m a t e r i a l s e x i s t . 
Operation i s p o s s i b l e i n high r a t e s and strong magnetic 
f i e l d s (although the p r o p o r t i o n a l chamber i s s l i g h t l y s u p e r i o r i n 
these r e s p e c t s ) . 
L i t t l e a b s o r p t i v e m a t e r i a l i s presented t o i n c i d e n t . 
r a d i a t i o n , thus Coulomb s c a t t e r i n g e f f e c t s are minimal f o r high energ 
p a r t i c l e s . 
By using a s e r i e s of chambers, energy deposited can be 
sampled thus a l l o w i n g an e s t i m a t i o n of i n c i d e n t p a r t i c l e energy. 
The advantages of m u l t i w i r e d r i f t chambers are:-
Mainly the extremely good s p a t i a l r e s o l u t i o n ( o f the order 
100 yum). V.'ith the a r r i v a l of a c c e l e r a t o r s o f the 300 GeV plus 
generation (eg. the CERN SPS) there i s a demand f o r the accurate 
d e t e c t i o n of high r i g i d i t y p a r t i c l e s as, i n t h i s case, momentum 
dete r m i n a t i o n i s made d i f f i c u l t due t o the small bending experienced 
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i n magnetic f i e l d s p r e s e n t l y i n use. For charged p a r t i c l e s of a l l 
t y p i c a l machine product energies, a s e r i e s o f d r i f t chambers presents 
a r a p i d momentum s e l e c t i o n system, capable o f d i s t i n g u i s h i n g d i f f e r e n t 
p a r t i c l e , types. 
The corresponding good time r e s o l u t i o n ( o f the order 5 ns.) 
i s a l s o of value. For i n s t a n c e , at the CERN I n t e r s e c t i n g Storage 
Rings, p r o p o r t i o n a l chambers alone give too poor t i m i n g i n f o r m a t i o n 
t o d i s t i n g u i s h beam-beam and beam-gas i n t e r a c t i o n s using time o f 
f l i g h t measurements. 
Another great advantage i s the a b i l i t y t o cover l a r g e areas 
using d r i f t chambers. Construction i s easier than i n other chambers 
and o v e r a l l readout i s cheaper due simply t o the f a c t t h a t there are 
fev/er wires. Large d e t e c t i n g areas become important i n experiments 
when low event r a t e s are encountered such as n e u t r i n o experiments 
v/here the cross s e c t i o n of i n t e r a c t i o n i s extremely small. Also, the 
c o n s t r u c t i o n o f two dimensional chambers i s r e l a t i v e l y easy. 
V i'ith the use of co n v e r t e r s , d r i f t chambers can provide 
reasonable e f f i c i e n c y d e t e c t o r s of photons and n e u t r a l p a r t i c l e beams, 
however i n t h i s respect they are not as p l i a b l e as s c i n t i l l a t o r 
sandwich devices or f l a s h tube hodoscopes (20). 
Some f u r t h e r u s e f u l p r o p e r t i e s are: the a b i l i t y t o gate out 
random events using a h a l f - c e l l staggered system, and the absence of 
e l e c t r o s t a t i c i n s t a b i l i t i e s (as occur i n a c l o s e l y spaced wire system). 
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It might a l s o be mentioned at t h i s p o i n t t h a t t h e r e i s 
c e r t a i n l y a f u t u r e f o r d r i f t chambers i n low energy r a d i a t i o n 
d e t e c t i o n , however t h i s f i e l d i s outside the scope of the present 
work. 
There are however, several l i m i t a t i o n s t o the usefulness of 
d r i f t chambers, these being l i s t e d below:-
Severe m u l t i t r a c k l i m i t a t i o n s occur due t o the long d r i f t 
time values encountered and higher r a t e o p e r a t i o n can be r e a l i z e d 
using MWPCs 
D r i f t chamber op e r a t i o n i s more complicated than f o r other 
wire chambers, e s p e c i a l l y i n magnetic f i e l d s . 
I n c e r t a i n a r r a y s , d r i f t chambers may be an u n f e a s i b l e 
f i n a n c i a l p r o p o s i t i o n as readout systems tend t o be complicated 
r e s u l t i n g i n a high cost of e l e c t r o n i c s per w i r e . 
To summarise t h i s s e c t i o n , the d r i f t chamber o f f e r s many 
a t t r a c t i v e p r o p e r t i e s t o the high energy p h y s i c i s t , and t r a c k 
measuring systems (spectrometers) w i l l probably tend towards a 
combination of m u l t i w i r e d r i f t and p r o p o r t i o n a l chambers, t h e r e 
remaining s t i l l much scope f o r development i n d r i f t chambers. 
1.5 Present Work. 
This t h e s i s describes the research work c a r r i e d out on a 
system o f m u l t i w i r e d r i f t chambers w i t h the a p p l i c a t i o n t o a 
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p a r t i c u l a r h i gh energy physics experiment i n mind, the chamber design 
i t s e l f being of a s p e c i a l i s t nature. 
I t i s proposed t h a t the work described here concerning the 
t e s t i n g and s e l e c t i o n of o p e r a t i n g parameters i s t y p i c a l o f the 
requirements of any such system, t h i s being performed using l a b o r a t o r y 
and a c c e l e r a t o r f a c i l i t i e s . 
F i n a l l y , the problems of o p e r a t i n g the d r i f t chambers i n 
t h e i r experimental environment are i n v e s t i g a t e d ( i n p a r t i c u l a r 
concerning a s t r o n g , non-uniform magnetic f i e l d ) and i n i t i a l r e s u l t s 
from the system are presented. 
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CHAPTER 2 
DRIFT CHAMBER REQUIREMENTS OF A HIGH ENERGY PHYSICS EXPERIMENT 
2.1 I n t r o d u c t i o n 
T his chapter describes the m u l t i w i r e d r i f t chamber requirements 
of a t y p i c a l high energy physics experiment, t h a t i s , one which 
r e q u i r e s p a r t i c l e d e t e c t o r s capable of a high s p a t i a l r e s o l u t i o n , high 
e f f i c i e n c y , cheap readout and ope r a t i o n i n a strong magnetic f i e l d . 
The experiment i n question i s the l a t e s t of a long l i n e o f Mg-2" 
measurements i n v o l v i n g the new muon storage r i n g a t CSRN, Geneva. 
The di s c u s s i o n s t a r t s w i t h a b r i e f resume of the m o t i v a t i o n s 
and experimental arrangements o f g-2 and i s foll o w e d by a d e s c r i p t i o n 
of the reasons f o r and requirements of d r i f t chambers i n t h i s 
experiment. Subsequent chapters are t o deal i n d e t a i l w i t h the 
development and op e r a t i o n of these "g-2 chambers". 
2.2 A B r i e f Discussion of the Theory o f g-2 of the Muon (1) 
For a r e l a t i v i s t i c p a r t i c l e of spin -J (such as the e l e c t r o n 
or muon) i n an e x t e r n a l magnetic f i e l d B, Dirac theory p r e d i c t s a 
magnetic moment of /A. (one Bohr magneton):-
(2.1)" 
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where M = eh/2m c i n usual n o t a t i o n and s i s the spin as obtained / o o • 
from the P a u l i spin matrices. The g f a c t o r i s 2 f o r a Dirac p a r t i c l e , 
y i e l d i n g JU = jUQ, but i s s l i g h t l y m odified by va r i o u s r a d i a t i v e 
c o r r e c t i o n s and hence an "anomaly" (a) i s i n t r o d u c e d ; so ( f o r the 
muon) :-
/ i = -2(1+ ^ /Ut (2.2) 
where i t can be seen t h a t : -
= (S* ~ 2)/2 (2.3) 
From quantum electrodynamic theory (Q.E.D.), can be 
expressed as a power s e r i e s i n ot ( t h e f i n e s t r u c t u r e constant = 
2 
e /Tic) which i s a w e l l known q u a n t i t y . To date, terms have been 
c a l c u l a t e d , using many Feynmann diagrams, t o the s i x t h order i n <X, 
y i e l d i n g a p r e d i c t i o n : -
aQ.E.D. _ ^ + 0.76578 o^f +- 21.8 oc£ (2.4) 
2TT 7 T 2 T T 3 
To t h i s value must be added c o r r e c t i o n s estimated from the 
c o n t r i b u t i o n s due t o the strong and weak i n t e r a c t i o n s , g i v i n g 
f i n a l l y : -
a ^ E ' D - + a STRONG + aWEAK ^ 
I n t h i s way, a l a t e s t t h e o r e t i c a l estimate f o r the anomaly 
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has been found as a^ ( t h e o r y ) = (1,165,397 t 8) x 10 . 
2.2.1 M o t i v a t i o n f o r a g-2 Experiment 
The anomaly, a, i s a u s e f u l q u a n t i t y t o measure as i t 
provides a good t e s t o f Q.E.D., the auon i n p a r t i c u l a r a l l o w i n g , by 
v i r t u e of i t s higher mass, a probing of a c t i o n over smaller distances 
than f o r the e l e c t r o n . 
Although Q.E.D. i s a w e l l understood and proven the o r y , 
t h e r e s t i l l remains the mystery of the existence of both the muon and 
the e l e c t r o n . A p a r t i c l e b a s i c a l l y i n t e r a c t s by v i r t u e o f i t s mass and, 
as a l l other p r o p e r t i e s o f these two p a r t i c l e s are the same, th e r e i s 
no exp l a n a t i o n f o r t h e i r mass d i f f e r e n c e , (m#/me ^  207). A Q.E.D. 
experiment of the g-2 type may discover.a c o u p l i n g t o a stronger 
f i e l d i n the case of the muon and hence e x p l a i n i t s existence. 
There a r e , i n f a c t , v a r i o u s d i f f e r e n c e s between the (g-2) of 
the muon and e l e c t r o n ; f o r i n s t a n c e , a d d i t i o n a l c o n t r i b u t i o n s from 
s t r o n g l y i n t e r a c t i n g p a r t i c l e s and v i r t u a l e l e c t r o n p a i r s are evident 
i n the muon system. 
The (g-2) of the e l e c t r o n has been measured by var i o u s 
methods and several c o l l a b o r a t i o n s are c o n t i n u i n g t h i s work ( 2 ) . 
Regarding the muon, the previous d e t e r m i n a t i o n using a 5m diameter 
r i n g magnet at CERN (3) r e t u r n e d a value o f a^Cexp) = (1,166,160 ± 
_ Q 
310) x 10 7 , y e i l d i n g a d i f f e r e n c e between experiment and t h e o r y , 
( a / U ( e x p ) - a A i ( t h e o r y ) ) , o f +(240 i 2?0)ppm. T h i s shows good agreement 
betv/een experiment and theory but, because of the po s s i b l e f l u c t u a t i o n 
contained i n the e r r o r , a more accurate experimental determination 
o f a i s r e q u i r e d i f any discrepancy i s t o be uncovered. I t has been 
e s t a b l i s h e d (4) t h a t a measurement t o a l e v e l of 10 t o 20 ppm would 
e i t h e r v a l i d a t e once more Q.E.D. or i n d i c a t e a v i o l a t i o n which would 
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lead t o several i n t e r e s t i n g t h e o r e t i c a l i m p l i c a t i o n s ( a p a r t from the 
one already mentioned). 
I t may also be noted t h a t there are th r e e i n t e r e s t i n g by-
products o f the main experiment: a v e r i f i c a t i o n of E i n s t e i n ' s "clock 
paradox" by muon l i f e t i m e measurement, a measurement of the e l e c t r i c 
d i p o l e moment of the muon and a comparison of yu* and 
2.3 The Present %-2 Experiment at CERN 
The experiment i n v o l v e s t r a p p i n g l o n g i t u d i n a l l y p o l a r i z e d 
muons i n the magnetic f i e l d of a li+ m diameter storage r i n g and 
observing the decay products ( e l e c t r o n s ) using a s e r i e s o f 20 shower 
counters placed at r e g u l a r i n t e r v a l s on the i n s i d e of the r i n g (see 
f i g u r e 2.1). As the st o r e d muons ( p o s i t i v e i n t h i s case) undergo the 
f o l l o w i n g decay:-
v e + v e 
the observed counting r a t e o f " e l e c t r o n s " ( i n f a c t p o s i t r o n s i n the 
above decay) w i l l be exponential i n form. However, the anomalous 
moment w i l l cause the spin v e c t o r of the muons t o precess w i t h 
frequency (J r e l a t i v e t o the momentum v e c t o r , thus a l t e r i n g the 
d i r e c t i o n o f e l e c t r o n emission (since t h i s i s p r e f e r e n t i a l l y i n the 
d i r e c t i o n o f spin) and causing the count r a t e t o be modulated. The 
asymmetry introduced i n t o the e l e c t r o n counts i n t h i s way i s shown i n 
an example from a previous g-2 experiment (3) i n f i g u r e 2.2. The 
modulation frequency i s given by:-
C J a = a(e/m Q)B (2.6) 
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where the charge t o mass r a t i o of the muon (e/m o) i s derived.from 
other experiments (5) determining the r a t i o of muon t o proton 
precession frequencies ( A = Q^/D^i i n the same f i e l d . T h is work has 
y i e l d e d : -
(1 + a ) ( e / m o ) ( l - € ) " B = A d J p (2 .7 ) 
and combining equations (2 .6 ) and (2 .7 ) produces the r a t i o t o be 
measured:-
(ja = a ( l + a ) " 1 1 (1 - £ J " 1 (2 .8 ) 
Uv ' -
where ( 1 - 6 ) i s a diamagnetic s h i e l d i n g c o r r e c t i o n . Hence a value f o r 
the anomaly a can be c a l c u l a t e d provided A and £ are knovm. 
I t i s u s e f u l now t o dwel l on some p a r t i c u l a r experimental 
f a c t s concerning the new g-2 storage r i n g as i t i s evident t h a t these 
p o i n t s provide the environment i n which the d r i f t chambers w i l l 
operate, several f a c t o r s being of d i r e c t importance:-
a) The most important improvement on the l a s t g-2 experiment 
a t GERM i s the e x t r a e f f o r t i n o b t a i n i n g a unifo r m magnetic f i e l d , as 
(J i s d i r e c t l y p r o p o r t i o n a l t o t h i s value. P r e v i o u s l y , a r a d i a l 
magnetic f i e l d g r a d i e n t was necessary t o provide v e r t i c a l focussing 
t h i s has now been superseded by a quadrapole e l e c t r o s t a t i c f i e l d , 
— > 
thus a l l o w i n g 3 t o be r a d i a l l y independent. Assuming E t o be r a d i a l 
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( t h a t i s S^), the expression f o r precession frequency i n the combined 
f i e l d s i s ( 6 ) : -
f L) E ea m (2 .9 ) 
where V i s the muon v e l o c i t y and an approximate value o f 858 can be 
i n s e r t e d f o r f o r muons. 
Comparing t h i s w i t h equation 2.6 i t can be seen t h a t t h e r e 
now e x i s t s a "s p i n e f f e c t i v e f i e l d " given by:-
s 859 B + E B e f f (2.10) 
Hence i t i s apparent t h a t a c o r r e c t choice of — 29.3 
e f f e c t i v e l y removes the dependence o f (J on E , l e a v i n g B S .« = 3. 
9. X* 61X 
This corresponds t o a muon momentum of 3.098 GeV/c, a f i g u r e on which 
the storage r i n g parameters are designed. T h i s value i s i n f a c t 
l a r g e r than f o r the previous storage r i n g , a l l o w i n g the measurement o f 
O f o r 2 t o 3 times longer than before and thus i n c r e a s i n g 
s t a t i s t i c a l accuracies. 
A magnetic f i e l d u n i f o r m t o a few ppm and of value 14.745 
KGauss i s produced i n kO C-magnets t o d e f i n e muons of the above 
momentum i n a ?m r a d i a l o r b i t . A s e c t i o n through the vacuum storage 
tank and one magnet block i s shown i n f i g u r e 2 .3 . The magnetic f i e l d 
i s monitored r e g u l a r l y throughout the experiment w i t h a s e r i e s o f 
plunging NI'.R probes. 
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b) The i n i t i a l p o l a r i z a t i o n of muons i s ~ 90% due t o the 
use of momentum-selected pion i n j e c t i o n as opposed t o the p r e v i o u s l y 
employed proton i n j e c t i o n i n which a pion momentum spread, and hence 
low p o l a r i z a t i o n , e x i s t e d . I n j e c t i o n i s achieved by means of a pulsed 
i n f l e c t o r which t e m p o r a r i l y compensates f o r the magnetic f i e l d . A f t e r 
one r e v o l u t i o n , the i n f l e c t e d pions w i l l e i t h e r be l o s t by h i t t i n g the 
i n f l e c t o r or decay i n t o muons by the process:-
The muons having momenta very close t o t h a t of the pions 
w i l l be s t o r e d w i t h a h i g h p o l a r i z a t i o n . T h i s method of muon 
product i o n reduces considerably the n o n - r o t a t i n g background evident 
when using an i n t e r n a l t a r g e t f o r i n j e c t e d protons. 
c) For a one bunch i n j e c t i o n from the CSKN proton 
synchrotron (P.S.), approximately 330 muons are st o r e d . For a number 
of e l e c t r o n counts N and an asymmetry A ( b a s i c a l l y the count 
2 
modulation a m p l i t u d e ) , i t i s des i r e a b l e t o optimize the q u a n t i t y N A . 
The decay e l e c t r o n s have a v/ide spread i n momenta and, as the value 
of the t h r e s h o l d energy 2., . of d e t e c t i o n i s r a i s e d , N decreases 
and A increases. An optimum value o f 1.75 SeV f o r ^ t n r e s n 
p r e d i c t e d . This being the case f o r 16% o f the muons, approximately 53 
e l e c t r o n s w i l l bend out of the storage tank w i t h energies high enough 
t o be detected i n one of the 20 counters. Eecause of the geometry o f 
the d e t e c t i n g system, approximately one or two e l e c t r o n s w i l l be 
detected i n each counter every P.S. burst (2 seconds). I n t h i s manner 
the "stop r a t e " w i l l be an order of magnitude higher than p r e v i o u s l y 
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and the asymmetry v / i l l be a f a c t o r of 2 b e t t e r , s t a t i s t i c a l l y 
improving the accuracy of measurement o f dj . The high d i s c r i m i n a t i o n 
l e v e l o f the counters ensures the c o l l e c t i o n o f forward decaying 
e l e c t r o n s ; ( t h i s l e v e l i s i n f a c t v a r i e d during a ^-2 run t o observe 
the e f f e c t on the asymmetry, but i s always above 1 GeV). 
d) Kuon losses are minimized by the c o r r e c t shaping o f 
e l e c t r i c and magnetic f i e l d s as described i n the Daresbury proposal 
( 4 ) . The st o r e d muons v / i l l i n f a c t undergo a s e r i e s of b e t a t r o n 
o s c i l l a t i o n s r e s u l t i n g i n the p o s s i b i l i t y o f r a d i a l l y s e l e c t i v e losses 
which could a l t e r the mean p o l a r i z a t i o n of the sample,- thus a f f e c t i n g 
the measured value o f CO ; the rauon l i f e t i m e measurement would als o 
a 
be a f f e c t e d . Losses due t o s c a t t e r i n g from gas molecules are reduced 
by using a storage tank pressure of 10~^ T o r r . 
2.4 The Reasons f o r M u l t i w i r e D r i f t Chambers i n the g-2 Experiment 
I n the previous g-2 experiment, a knowledge o f the muon 
s p a t i a l d i s t r i b u t i o n was necessary because o f the r a d i a l dependence 
of B. As B i s unifor m i n the present experiment, the importance of 
t h i s measurement i s reduced, but i s s t i l l v a l u a b l e f o r the f o l l o w i n g 
reasons:-
The s t o r e d muons are con s t r a i n e d by the vacuum tank t o r a d i i 
between 6920 and 7080 mm. and those on a t r a j e c t o r y other than the 
e q u i l i b r i u m o r b i t of 7000 mm. w i l l have a value of d i f f e r e n t from 
29.3 and hence the c a n c e l l a t i o n o f the e l e c t r i c f i e l d e f f e c t w i l l be 
incomplete. The c o r r e c t i o n f a c t o r from the d i r e c t change i n ft is a. 
l i n e a r f u n c t i o n o f r a d i u s and i s increased t o a quadratic f u n c t i o n by 
the f a c t t h a t the e l e c t r i c f i e l d s t r e n g t h i s also l i n e a r l y dependent 
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on r a d i u s . By c o r r e c t l y shaping the magnetic f i e l d ( 7 ) , the spin 
e f f e c t i v e f i e l d (equation 2.10) can be r e s t o r e d approximately t o 
u n i f o r m i t y v/ith r a d i u s , but i n so doing, the r a d i a l u n i f o r m i t y o f the 
magnetic f i e l d i s obviously d i s t u r b e d . Magnetic f i e l d c o r r e c t i o n s are 
also a p p l i e d t o compensate f o r the e f f e c t s o f surrounding m a t e r i a l 
such as the vacuum tank. As the g-2 measurement i s dependent on the 
average f i e l d experienced by the muons, a f u l l mapping of the f i e l d i s 
necessary as i s a knowledge of the c i r c u l a t i n g beam p r o f i l e . 
As mentioned i n the previous s e c t i o n , s l i g h t losses o f muons 
may occur and be dependent on r a d i u s , again i n d i c a t i n g the need f o r a 
beam p r o f i l e measurement 
Because of the b e t a t r o n motion, the time average f i e l d f o r 
the sample i s a l t e r e d , hence a valuable measurement v/ould be t h a t o f 
the beam p r o f i l e i n some f i x e d plane and i t s v a r i a t i o n over a g -2 
c y c l e . 
A r a d i a l »nuon d i s t r i b u t i o n can be s u c c e s s f u l l y p r e d i c t e d 
(k) by a programme based on the comparison o f the phase space 
d i s t r i b u t i o n s o f pions and muons. However i t i s h i g h l y d e s i r able t o 
make a d i r e c t measurement of the d i s t r i b u t i o n and t h i s can be achieved 
i n two d i s t i n c t ways ( w i t h o u t d i r e c t l y a f f e c t i n g the beam):-
A measurement of the l o n g i t u d i n a l spread (v/ith time) o f the 
i n j e c t e d muon bunch can be transformed i n t o a r a d i a l d i s t r i b u t i o n as 
the spread i s due t o the d i f f e r e n t path l e n g t h s encountered by muons 
at d i f f e r e n t r a d i i . Such a method i s r e f e r e d t o as " f a s t r o t a t i o n " 
and i s achieved by measuring the e l e c t r o n count r a t e at one p o i n t i n 
the r i n g the r a t e being modulated by the r o t a t i o n a l p e r i o d i n t h i s 
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case. This method hov/ever i s only u s e f u l f o r the f i r s t 20 yUsec. of 
the c y c l e , by which time the bunch has overlapped i t s e l f . 
The second method i s t o use a s e r i e s of m u l t i w i r e chambers 
in t r o d u c e d i n t o one s e c t i o n of the r i n g t o record the t r a c k s o f decay 
e l e c t r o n s . By t r a c i n g such a t r a j e c t o r y back i n t o the storage r i n g 
u n t i l a p o i n t t a n g e n t i a l v/ith the l a t t e r i s reached, the r a d i a l 
p o s i t i o n of e l e c t r o n o r i g i n and hence the parent muon p o s i t i o n can be 
determined. To o b t a i n a reasonable beam p r o f i l e , t h i s p o s i t i o n should 
be estimated t o an accuracy of the order ± i mm. On considering the 
s i m p l i f i e d case of t h r e e p o i n t s on the e x t e r n a l e l e c t r o n path l y i n g 
on a c i r c u l a r t r a j e c t o r y ; t o o b t a i n a leverage o f 1 mm. by p r o j e c t i n g 
the f i t t e d curve a reasonable distance back i n t o the vacuum tank 
r e q u i r e s t h a t each of the th r e e p o i n t s i s determined t o the order 
£ 0.1 mm (Appendix 1 ) . Thus, MWPC's are r u l e d out and the t r a c k 
l o c a t i n g system must c o n s i s t of d r i f t chambers which can produce thi.s 
order o f s p a t i a l r e s o l u t i o n . 
Such a system i s capable of determining the beam p r o f i l e as 
a c c u r a t e l y as the f a s t r o t a t i o n technique and has the added advantage 
of being c o n t i n u o u s l y s e n s i t i v e and thus capable o f operation even 
when muons are u n i f o r m l y d i s t r i b u t e d throughout the r i n g . A s e r i e s o f 
d r i f t chambers can a l s o provide a count r a t e meter s i m i l a r t o a g-2 
shower counter and should d i s p l a y a g-2 modulation curve o f s i m i l a r 
form t o f i g u r e 2.2 on i n t e g r a t i o n over a l l g -2 c y c l e s . Another u s e f u l 
f u n c t i o n i s the p r o v i s i o n o f a momentum c a l i b r a t i o n mechanism f o r the 
shower counter used t o t r i g g e r events. 
One f u r t h e r p r o f i l e measuring technique which has been 
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eraployed i n g-2 i s the scanning of s h u t t e r s across the storage tank. 
However,, such a method i s undesireable as the rauon sample i s severely 
d i s t u r b e d . 
2 J' r.l P o s i t i o n i n g of the D r i f t Chambers i n the Storage Ring 
One r e g i o n of the storage r i n g i s l e f t f r e e of e l e c t r o s t a t i c 
focusing e l e c t r o d e s t o a l l o w pion i n j e c t i o n . To balance' t h i s and thus 
reduce closed o r b i t d i s t o r t i o n , another non-electrode region e x i s t s 
d i a m e t r i c a l l y opposite the i n f l e c t o r . This i s a convenient p o s i t i o n 
i n which t o arrange the d r i f t chamber system'for the f o l l o w i n g 
reasons:-
The e l e c t r o s t a t i c f i e l d would d i s t o r t the b a c k - p r o j e c t i o n 
of the e l e c t r o n t r a j e c t o r y as i t would s e r i o u s l y a f f e c t the e l e c t r o n 
motion w i t h i n the vacuum tank. 
The non-electrode r e g i o n i s a convenient s e c t i o n o f the 
r i n g i n which t o i n s t a l l an extremely t h i n vacuum tank w a l l t o reduce 
the otherwise severe s c a t t e r i n g of emergent e l e c t r o n s . I n f a c t , f o r 
the normal vacuum tank w a l l , a showering of the decay e l e c t r o n may 
e v e n t u a l l y y i e l d an e l e c t r o n - p o s i t r o n p a i r , and i t may be p o s s i b l e 
t h a t n e i t h e r of these p a r t i c l e s i s detected because o f the d i r e c t i o n 
o f c u r v a t u r e of one of them, and the p o s s i b i l i t y o f energies lower 
than the d e t e c t i o n t h r e s h o l d . This e f f e c t w i l l be observed by 
comparing the r e s u l t s from the counter (number 11 of f i g u r e 1) i n the 
non-electrode r e g i o n w i t h o t her counters. I n t h i s c o n t e x t , i t w i l l 
a l s o be the r e s p o n s i b i l i t y o f the d r i f t chambers t o p r o v i d e , by t r a c k 
r e c o n s t r u c t i o n , an estimate of the frequency of m u l t i p l e p a r t i c l e 
events i n the t h i n w a l l r e g i o n . 
A d e s c r i p t i o n of the f i n a l experimental arrangement o f the 
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t r a c k l o c a t i n g system i s l e f t u n t i l chapter 7, save t o say t h a t e i g h t 
d r i f t chambers w i l l be employed v/ith counter 11 p r o v i d i n g the t r i g g e r . 
2 . 3 Special Requirements f o r the g-2 Chambers (8) 
The design c r i t e r i a f o r the chambers were i n i t i a l l y 
presented by c o l l a b o r a t o r s t o the g -2 experiment from the Daresbury 
Nuclear Physics Laboratory (D.N.F.L.) (9) and v a r i o u s e x t r a n e c e s s i t i e s 
have since a r i s e n . 
The immediate requirements concerned the c o n s t r u c t i o n of 
the chambers. Figure 2 .3 shows one chamber i n i t s l o c a t i o n between the 
poles o f a magnet block, and from t h i s i l l u s t r a t i o n s e v e r al p o i n t s 
regarding the mechanical design are e v i d e n t , mainly concerning the 
p r e s e n t a t i o n of maximum s e n s i t i v e area f o r d e t e c t i o n of e l e c t r o n s . I n 
t h i s respect each chamber r e q u i r e s an extremely t h i n end w a l l f o r the 
t r a c k measuring system t o be s e n s i t i v e t o high energy electrons having 
t r a j e c t o r i e s of l i t t l e c u r v a t u r e (note t h a t t h i s member w i l l be 
curved t o f i t e x a c t l y the p r o f i l e of the t h i n vacuum tank w a l l ) , t h i n 
side members t o malic- use of as much of the gap between the pole 
pieces as p o s s i b l e and a d e t e c t i n g area extending t o a t l e a s t the 
outer edge of the s e n s i t i v e r e g i o n o f the shower counter. 
A minimum o f s c a t t e r i n g m a t e r i a l i s ensured by the t h i n end 
w a l l and also t o t h i s e f f e c t , t h i n "mylar" sheeting provides the 
m a t e r i a l f o r the chamber windows. 
A minimum requirement of " h i t s " on t h r e e or f o u r chambers 
w i l l be set as the c o n d i t i o n of a s u f f i c i e n t l y i n f o r m a t i v e event, and 
i n order to ensure the c o l l e c t i o n of enough data t o a c c u r a t e l y 
r e c o n s t r u c t the sharply bending t r a c k s of the s o f t e r decay e l e c t r o n s , 
the chambers near the e l e c t r o n counter w i l l be packed as c l o s e l y as 
- 3 0 -
p o s s i b l e . To achieve t h i s , the chamber widths, must be made as small 
as p o s s i b l e w i t h i n the l i m i t s o f p r a c t i c a b i l i t y . The f i n a l spacing 
arrangements between the e i g h t chambers, t o g e t h e r w i t h the above 
mechanical design c r i t e r i a ensures the optimum d e t e c t i o n system f o r 
the range of e l e c t r o n energies encountered. 
From the di s c u s s i o n i n s e c t i o n 2.3> i t i s evident t h a t the 
f o l l o w i n g environmental c o n d i t i o n s w i l l i n f l u e n c e the d r i f t chamber 
performance requirements 
Although t he storage r i n g magnetic f i e l d i s uniform w i t h i n 
the pole pieces, t h e r e i s a gradual f a l l - o f f o f magnetic f l u x o u t s i d e 
t h i s r e g i o n . The form o f t h i s f i e l d i s t o be discussed i n chapter 6 
where the compensation technique i s developed, t he main p o i n t being 
t h a t as the d e t e c t i n g area o f each chamber protrudes out of the pole 
pieces ( f i g u r e 2 . i f ) they , must be capable o f o p e r a t i o n i n a s t r o n g , 
non-uniform magnetic f i e l d . 
The chambers w i l l be i n an environment o f high noise and 
low event r a t e . Much o f the noise comes from the " i n i t i a l f l a s h " which 
c o n s i s t s of pions t r a v e r s i n g the r i n g diameter d i r e c t l y , and 
electromagnetic pickup from the i n f l e c t o r and e l e c t r o s t a t i c f i e l d 
(which i s i n f a c t p u l s e d ) . A d e t a i l e d study o f such noise sources i n 
an enclosure and the delayed noise o f y f l u x e s from target-produced 
neutrons decaying has been made (10) . The i n i t i a l f l a s h can be 
e l e c t r o n i c a l l y gated out but, because of the low event r a t e already 
mentioned, the longer term background r a d i a t i o n does provide a source 
o f e r r o r i . e . p o s s i b l e random stops associated w i t h genuine e l e c t r o n 
counter t r i g g e r s . 
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The angle of incidence between the p a r t i c l e d i r e c t i o n and 
the normal t o the sense wire plane i s important i n d r i f t chambers 
(11 ) , but the e f f e c t s are minimal a t small angles ( < 3 0 ° f o r a 
t h r e s h o l d of 1 GeV) which are a p p l i c a b l e i n t h i s case (see appendix 
1 ) . To decrease these angles of incidence f u r t h e r , a t i l t i n g o f the 
chambers near t o the e l e c t r o n counter can be arranged i f necessary. 
One f u r t h e r noise source which causes a problem i n d r i f t 
chamber op e r a t i o n at CERN i s the electromagnetic pickup by a sense 
wire of the l o c a l Suisse-Romande t e l e v i s i o n t r a n s m i s s i o n . This can be 
reduced by the use of earthed aluminized mylar windows. 
A f i n a l c o n s i d e r a t i o n i s of the e f f i c i e n c y requirements. I f 
the e f f i c i e n c y c f a chamber i s S, then the e f f i c i e n c y f o r d e t e c t i o n 
i n each of n such chambers i s E n, i n d i c a t i n g t h a t near 100% e f f i c i e n c y 
of d e t e c t i o n i s d e s i r e a b l e f o r the g-2 chambers. 
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CHAFTER 3 
THE DESIGN AND DEVELOPMENT OF THE g-2 CHAMBERS AND ASSOCIATED HARDWARE 
3.1 The Design and Con s t r u c t i o n of Prototype Models 
Having determined the basic requirements f o r g-2 d r i f t 
chambers as set out i n chapter 2, t h i s chapter w i l l now deal w i t h 
t h e i r a c t u a l design, mechanical and e l e c t r i c a l , and development t o a 
f i n a l p r o d u c t i o n model stage. 
The main c r i t e r i o n was t o produce a mechanically sound 
s t r u c t u r e capable o f pre s e n t i n g maximum s e n s i t i v e area w i t h i n the 
c o n s t r a i n t s of the 140 ma. pole gaps o f the g-2 magnets. Detection 
was r e q u i r e d over a distance of ~220 mm. from the i n n e r vacuum tank 
w a l l and f o r convenience ( t h a t i s , c o m p a t i b i l i t y w i t h commercial 
e l e c t r o n i c s ) , t h i s s e n s i t i v e r e g i o n was d i v i d e d i n t o 8 d e t e c t i o n zones 
or " c e l l s " each o f 28 mm. wid t h . Thus Ik mm. d r i f t spaces were 
employed, t h i s short l e n g t h proving t o be convenient as w i l l be shown 
i n f o l l o w i n g chapters. 
A s m a l l , t e s t d r i f t chamber, c o n s i s t i n g b a s i c a l l y of one 
such c e l l , was designed, and t h i s was f o l l o w e d by a s e r i e s of 3 
prot o t y p e models r e l a t e d c l o s e l y t o the f i n a l p r o d u c t i o n chambers. 
These chambers were b u i l t at Durham U n i v e r s i t y , and provided most of 
the data on general d r i f t chamber p r o p e r t i e s t o be described i n 
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chapter k and p a r t of the a c c e l e r a t o r data of chapter 5. Any important 
developments between pr o t o t y p e and p r o d u c t i o n models w i l l be i n d i c a t e d 
i n the r e l e v a n t p a r t s of the f o l l o w i n g t e x t . 
3.2 Mechanical P r o p e r t i e s and Dimensions 
The mechanical f e a t u r e s and o v e r a l l dimensions of the 
p r o d u c t i o n models are summarised i n the schematic sketch of f i g u r e 3 .1» 
and the more d e t a i l e d drawings of f i g u r e s 3 .2 and 3 . 3 . The chamber 
design has been documented i n d e t a i l (1) and the main p o i n t s w i l l now 
be discussed. 
3.2 .1 The Main Frame 
The s u p p o r t i n g p a r t of the main frame was designed t o be as 
massive as p o s s i b l e w i t h i n the space r e s t r i c t i o n s of the storage r i n g , 
t o p rovide maximum o v e r a l l s t r e n g t h f o r the chamber and a r i g i d 
mounting f a c i l i t y . Thus t h i s component was c o n s t r u c t e d from 37 mm. 
t h i c k laminated g l a s s - f i b r e epoxy-resin (G10) m a t e r i a l . 
The side members were designed under two c o n f l i c t i n g c r i t e r i a . 
They had t o be as t h i n as p o s s i b l e i n order t o u t i l i z e the r e s t r i c t e d 
space between the g -2 magnet pole pieces, but a l s o had t o support the 
t e n s i o n (A/12 kgm i n t o t a l ) presented by two v e r t i c a l H.T. wire 
planes withou t any a d d i t i o n a l support from the end member as i t t u r n s 
out. O r i g i n a l side members were co n s t r u c t e d from 11 m;u. t h i c k G10 
10 -2 
which has a Young's modulus of 2 x 10 Vi'ra , however these n e c e s s i t a t e d 
several s p e c i a l c o n s t r u c t i o n a l techniques such as p r e s t r e s s i n g the 
frame before w i r i n g and s p r i n g l o a d i n g the main support frame a f t e r 
w i r i n g . 
I t was suggested by the I n t e r n a t i o n a l Research and 
FIG 3.1 Schematic Sketch of g-2 Chamber 
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FIG 3.2 Chamber Dimensions (mm) 
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Developraent Co. L t d . (I.R.D.) t h a t glass side members be used i n s t e a d 
o f G10, these having a Young's modulus some 30 times g r e a t e r than the 
l a t t e r . Problems concerning machining and adhesives were overcome and 
l a t e r models i n c o r p o r a t e d these r i g i d side members. One side member 
accomodated along i t s l e n g t h a c e n t r a l channel t o a l l o w the i n p u t of 
gas, the gas o u t l e t channel was i n the main frame block near the 
opposite side member. The separ a t i o n of the outer edges of the side 
members was 130 mm. 
A t h i n end w a l l (0.5 nra G10) allowed the s e n s i t i v e volume of 
the chamber t o approach c l o s e l y the vacuum tank, thus p e r m i t t i n g 
d e t e c t i o n of e l e c t r o n s s h o r t l y a f t e r t h e i r e x i t from the storage 
r e g i o n , and a t the same time p r e s e n t i n g a minimum of s c a t t e r i n g 
m a t e r i a l i n the e l e c t r o n path. The s c a t t e r i n g f a c t o r was also reduced 
by a t h i n s e c t i o n (0.8 mm. Tita n i u m ) of vacuum tank i n the d r i f t 
chamber r e g i o n . This s e c t i o n assumes a concave shape because o f the 
pressure d i f f e r e n t i a l across i t and thus the end w a l l o f the d r i f t 
chamber was designed t o have a compatible c u r v a t u r e as i n d i c a t e d i n 
f i g u r e 3.2, t h i s being achieved by bending the G10 m a t e r i a l a f t e r 
unsuccessful attempts a t machining. 
I n order t o achieve a minimum separ a t i o n betv/een chambers 
( r e q u i r e d a t the shower counter end of the a r r a y as mentioned i n 
s e c t i o n 2.5)i the chamber wid t h was made as small as p o s s i b l e , the 
w i r e accomodation requirements of the e l e c t r i c a l connection board 
s e t t i n g a minimum requirement of 67 Kim. on t h i s value. 
3.2.2 I n t e r n a l C o n s t r u c t i o n 
Figure 3-3 i s a s e c t i o n across the wid t h o f the d e t e c t i n g 
r e g i o n o f the chamber showing how the wire planes were attached 
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between the side members. Wires were soldered onto copper s t r i p s 
deposited onto t h i n G10 boards, these being prepared using a photo-
l i t h o g r a p h i c technique. The H.T. and sense wire boards were separated 
by.spacers t o produce a step c o n s t r u c t i o n , as shown i n the f i g u r e , 
thus f a c i l i t a t i n g replacement of broken wires. 
The outer H.T. wir e planes were separated by 6.4 mm. and 
comprised 120 /dm. diameter Copper-Beryllium wires spaced a t 2 mm. 
i n t e r v a l s . The sense wire plane contained e i g h t g o l d - p l a t e d Tungsten 
v/ires o f diameter 20 /a. m and separa t i o n of 28 mm. I n the same plane 
and e q u a l l y spaced between the sense wires, were f i e l d wires of the 
same type as those o f the H.T. plane. The wire c o n f i g u r a t i o n i n the 
curved end re g i o n was modified from the above and w i l l be described 
i n the e l e c t r i c a l design s e c t i o n . Thus, the wire c o n f i g u r a t i o n 
r e s u l t e d i n d r i f t c e l l s o f s i m i l a r design t o those used by Charpak ( 2 ) . 
The wire tensions were 50 gm and 30 gm f o r the H.T. and 
sense wires r e s p e c t i v e l y , these values being checked o c c a s i o n a l l y by 
measuring the d e f l e c t i o n o f a weight hung at the wire centre (3). 
3.2.3 E x t e r n a l C o n s t r u c t i o n 
E l e c t r i c a l connection between the wire planes and the 
outsi d e o f the chamber was achieved by the use of copper coated G10 
boards, w i t h solder connections as i n d i c a t e d i n f i g u r e 3.3. H.T. 
i n p u t and s i g n a l output were from d i f f e r e n t sides of the chamber. As a 
f i e l d g r a d i e n t was t o be a p p l i e d along the H.T. planes ( s e c t i o n 3.3), 
several d i f f e r e n t values o f high v o l t a g e were d i s t r i b u t e d onto the 
H.T. boards by means of copper r a i l s connecting r e l e v a n t wires and 
again deposited onto t h i n G10 board. A p p l i c a t i o n o f the volt a g e s onto 
these s t r i p s was achieved using multiway r i b b o n cable from a v o l t a g e 
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c o n t r o l l i n g r e s i s t o r network mounted on top of the main frame block i n 
a metal box. 
F i n a l s i g n a l output from the sense wires was achieved by 
short l e n g t h s (few ns) o f m i n i a t u r e Lemo c o a x i a l cable. 
3.2.4 Gas Sealing 
This was achieved using windows of 120 yum Mylar sheeting, 
which was t h i c k enough t o r e t a i n i t s seal when bowing out as the 
chamber was f i l l e d w i t h gas, yet t h i n enough t o i n t r o d u c e n e g l i g i b l e 
s c a t t e r i n g m a t e r i a l i n t o the g-2 storage r i n g . I t i s necessary t o 
remove one window i f a wire i s t o be replaced, t h e r e f o r e a temporary 
adhesive m a t e r i a l (3M " T w i n s t i c k " ) v/as used between each G10 s e a l i n g 
surface and the Mylar. This method produced a 100% gas t i g h t s e a l . 
3.2.5 Further P o i n t s 
The l e n g t h and spacing o f wires i n a chamber of t h i s s i z e 
c o n v e n i e n t l y negate any e l e c t r o s t a t i c i n s t a b i l i t i e s and hence no 
wire supports are necessary (4). Also, the chamber design has 
d e l i b e r a t e l y excluded the use of separable wire planes, as the gas 
s e a l i n g o f such a s t r u c t u r e u s u a l l y i n v o l v e s rubber gaskets which can 
lead t o e l e c t r i c a l - s h o r t i n g problems where v o l t a g e g r a d i e n t s along a 
wire plane are i n v o l v e d (5). 
Although chamber s e n s i t i v i t y over the f u l l pole-piece gap 
i s d e s i r e a b l e , most p a r t i c l e t r a j e c t o r i e s w i l l be i n the median plane 
( t h i s has since been v e r i f i e d by v e r t i c a l readout data using MWPC's), 
and thus any s c a t t e r i n g produced by side members, or e l e c t r i c f i e l d 
d i s t o r t i o n i n the wire attachment regions w i l l be r e l a t i v e l y 
unimportant. 
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The main-structure components of the chambers were machined 
t o a t o l e r a n c e of 0.125 mm and the sense wires were i n s t a l l e d by a 
process of repeated attempts t o w i t h i n 0.1 mm of t h e i r r e q u i r e d 
p o s i t i o n s . At v a r i o u s stages i n the c o n s t r u c t i o n , r i g o r o u s mechanical 
t e s t i n g was a p p l i e d i n the form of l o a d i n g heavy weights at 
s u s c e p t i b l e p o i n t s . For the f i n a l design, no wire breakage or 
loosening occurred. 
I t was c a r e f u l l y ensured t h a t no ferro-magnetic m a t e r i a l was 
i n v o l v e d i n the c o n s t r u c t i o n of the chambers as t h i s would d i s t o r t the 
g-2 magnetic f i e l d as w e l l as i n t r o d u c e a d d i t i o n a l s t r e s s p o i n t s i n the 
chambers. 
The photograph of f i g u r e i l l u s t r a t e s most of the 
mechanical f e a t u r e s discussed i n the forego i n g s e c t i o n s . 
3.3 S l e c t r i c a l Design and P r o p e r t i e s 
The method of Charpak et a l . (2) of o b t a i n i n g uniform and 
c o n t r o l l a b l e d r i f t f i e l d s was adopted f o r the g-2 chambers. Ey t i l t i n g 
such an a p p l i e d e l e c t r i c f i e l d , a mechanism capable of o p e r a t i o n i n an 
e x t e r n a l magnetic f i e l d could be r e a l i s e d . (This subject i s t o be 
discussed more f u l l y ) 
3.3.1 A p p l i c a t i o n of D r i f t F i e l d s 
E l e c t r i c f i e l d g r a d i e n t s were a p p l i e d t o chamber c e l l s usine; 
a s i n g l e H.T. pov/er supply, i n d i v i d u a l w i r e v o l t a g e s being tapped 
from v a r i o u s p o i n t s o f a p o t e n t i a l d i v i d e r chain such as the one shown 
i n f i g u r e 3.5. 3y v a r y i n g the value o f the f i n a l r e s i s t a n c e t o e a r t h 
(R_) and a d j u s t i n g the supply vo l t a g e (V„) so t h a t the basic 
hi o 
a c c e l e r a t i n g v o l t a g e (V,,T„, w i t h some a d d i t i o n a l i n f l u e n c e from the 
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graded f i e l d ) reaches an o p e r a t i o n a l l e v e l , a l a r g e range of d r i f t 
f i e l d s ((V,,, v - V,.,,„)/l.4 Vcm-''') can be r e a l i s e d . An example i s shown 
i n f i g u r e 3.6 v/here the f i e l d i s p l o t t e d against Vg f o r v a r i o u s values 
o f Rg (R =3.3 k O ) ; only the working v o l t a g e ranges of the chamber 
being shovm. 
Two d i f f e r e n t wire c o n f i g u r a t i o n s have been used f o r the 
curved end regions as i n d i c a t e d i n f i g u r e 3.7, the p r o t o t y p e f i e l d 
r e q u i r i n g v o l t a g e s > V... v and thus a m o d i f i c a t i o n of the r e s i s t o r 
network of f i g u r e 3.5. The f i n a l curved end design ( f i g u r e ( b ) ) 
reduced the l e n g t h of the d i s t o r t e d f i e l d r e g i o n and a l s o lowered the 
values of V, and maximum d r i f t time t o be measured. The f i n a l H.T. 
r a i l s were i n the form of t h i n copper s t r i p s adhered t o the i n s i d e 
face of the curved end. Normal H.T. v/ires were continued i n t o t h i s 
r e g i o n as f a r as was p r a c t i c a l l y p o s s i b l e i n order t o reduce the 
i n e v i t a b l e f i e l d d i s t o r t i o n . The e f f e c t i v e n e s s of such a d r i f t space 
i s i n v e s t i g a t e d i n f o l l o w i n g chapters. 
As a r e s u l t of the work to be discussed i n chapters h, 5 
and 6, a f i n a l design f o r the a p p l i e d d r i f t f i e l d , i n c l u d i n g the 
magnetic f i e l d compensating mechanism, was d e r i v e d . The r e s i s t o r 
network r e q u i r e d f o r t h i s , and the r e s u l t i n g wire p o t e n t i a l s (at Vx3.0kV)are 
s 
shovm i n f i g u r e 3-8. A r e v e r s a l of the d i r e c t i o n of f i e l d s l a n t could 
be achieved by unsoldering wires on the r e s i s t o r board, as plug and 
socket mechanisms were found t o be i m p r a c t i c a l a t h i g h v o l t a g e s . Note 
t h a t a more gradual f i e l d v a r i a t i o n was a p p l i e d i n the sense wire 
r e g i o n than f o r a s t a i g h t forward t i l t i n g o f uniform v o l t a g e drops 
between adjacent r a i l s . T h is reduced breakdown problems which 
otherwise occurred due t o the presence of too high a v o l t a g e d i r e c t l y 
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3.3-2 E l e c t r i c F i e l d s i n D r i f t Chambers 
The e l e c t r i c f i e l d s o c c u r r i n g i n d r i f t chambers on the 
a p p l i c a t i o n of v a r i o u s v o l t a g e c o n f i g u r a t i o n s have been s t u d i e d at 
CERN ( 6 ) using computer s i m u l a t i o n s . At Durham, a numerical r e l a x a t i o n 
technique has been used ( 7 ) t o i n v e s t i g a t e the v a r i a t i o n s of e l e c t r i c 
p o t e n t i a l i n a Charpak type c e l l under d i f f e r e n t s t r e n g t h s of a p p l i e d 
v o l t a g e g r a d i e n t . This technique was a p p l i e d t o the v/ire p o t e n t i a l 
c o n f i g u r a t i o n o f f i g u r e 3.8 and the r e s u l t a n t e q u i p o t e n t i a l map and 
e l e c t r i c f i e l d i n the sense wire plane are shown i n f i g u r e 3.9. The 
d r i f t f i e l d i s seen t o be uniform over most of the c e l l , but increases 
r a p i d l y at the sense v/ire. Such an increase i n the avalanche r e g i o n 
w i l l be seen not t o a l t e r d r a s t i c a l l y the d r i f t v e l o c i t y o f e l e c t r o n s 
i n c e r t a i n gases. 
I n order t o counteract any r a d i a t i o n i n t e r f e r e n c e (eg. 
Suisse-Romandetelevision t r a n s m i s s i o n ) , the normal window m a t e r i a l was 
replaced w i t h aluminized Mylar, earthed on the o u t s i d e , before f i n a l 
experimental i n s t a l l a t i o n . I t has been shown (3) t h a t the i n t r o d u c t i o n 
of two such earthed planes, i n the v i c i n i t y of a d r i f t chamber c e l l , 
a f f e c t s only m a r g i n a l l y (/v 5%) the d r i f t f i e l d . 
F i n a l l y , i t can be s a i d t h a t the magnitude of the d r i f t 
f i e l d throughout most of the c e l l i s close t o the a p p l i e d v o l t a g e 
g r a d i e n t . 
3.k Gas Flow Systems 
Many of the gases used i n wire chambers are inflammable. For 
t h i s reason and a l s o t o prevent b a c k - d i f f u s i o n o f a i r i n t o the system, 
leakages must be minimised. For small chambers, such as those discussed 
i n t h i s t h e s i s , gas flow r a t e s were low and pressures were only 
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s l i g h t l y above atmospheric. For the l a b o r a t o r y t e s t i n g of gases, 
mixing was achieved using c a l i b r a t e d G.E.C.-Elliot Rotameter 
flowmeters, whereas f o r experimental work, premixed gas was always 
used. 
3.5 A m p l i f i e r s f o r D r i f t . Chambers. 
Pulses from the g-2 chambers during normal o p e r a t i o n are 
t y p i c a l l y 5 raV i n t o 5 0 / I . These must be a m p l i f i e d t o a convenient 
l e v e l f o r f u r t h e r e l e c t r o n i c processing. The requirements of nuclear 
1 
pulse a m p l i f i e r s i n c l u d e ( 9 ) extremely l i n e a r (and u s u a l l y high) g a i n ; 
s t a b i l i t y of o p e r a t i o n and a high s i g n a l t o noise r a t i o . They also 
serve t o i n i t i a l l y d i f f e r e n t i a t e the pulse, thus p r e v e n t i n g pulse 
overlapping and a l l o w i n g o p e r a t i o n at high r a t e s ; and t o t r a n s f o r m 
the impedance t o a s u i t a b l e value f o r matching w i t h other u n i t s . Fast 
r i s e - t i m e s are d e s i r e a b l e and i n the case of d r i f t chambers, e l e c t r o n i c 
time slewing must be minimised. 
By c a r e f u l design ( b a s i c a l l y using a c u r r e n t a m p l i f i e r of 
low i n p u t impedance), d r i f t chamber p r e a m p l i f i e r s can also be used t o 
determine the second c o o r d i n a t e by the c u r r e n t d i v i s i o n method. 
The p r e a m p l i f i e r s used i n t h i s work have been designed by 
Verweij at CSSN ( 1 0 ) . For e a r l y t e s t s , a high i n p u t impedance (2 Ki7), 
3-stage t r a n s i s t o r a m p l i f i e r , having a v o l t a g e gain of 20 and r i s e 
time ( 1 0 t o 90% of maximum) of 2.5 ns was employed. The l a t e s t system 
i n c l u d e d 64 channels of 20JQ i n p u t impedance t r a n s i s t o r a m p l i f i e r s , each 
w i t h a voltage gain of 500 and r i s e time of 5.5 ns. For f u t u r e 
experimental runs i t i s planned t o change t o i n t e g r a t e d c i r c u i t - b a s e d 
p r e a m p l i f i e r - t r i g g e r u n i t s i n the form of o c t a l N.I.M. modules ( 1 0 ) . 
3 . 6 D r i f t Time Measurer.ent 
A convenient method of rec o r d i n g the d r i f t times o c c u r r i n g 
at a s i n g l e sense wire i s to use a time t o amplitude converter (T.A.C.). 
The p r i n c i p l e o f t h i s device i s t o a l l o w , on the r e c e i p t o f a s t a r t 
pulse (from a s c i n t i l l a t o r - P . M . tube say), a c a p a c i t o r t o charge up 
using a constant c u r r e n t source, and on the r e c e i p t of a stop pulse 
(from the sense w i r e ) , t o t u r n o f f t h i s source. Thus the vo l t a g e 
remaining on the c a p a c i t o r i s d i r e c t l y p r o p o r t i o n a l t o the elapsed 
time between s t a r t and stop pulses. Timing d i s t r i b u t i o n s can thus be 
obtained by r e c o r d i n g T.A.C. output pulses w i t h an amplitude t o 
d i g i t a l converter (A.D.C.), u s u a l l y i n the form o f a pulse height 
analyser (P.H.A.). 
For use w i t h more than one sense v/ire, the T.A.C.-P.H.A. 
system can be compressed i n t o a time t o d i g i t a l c o nverter (T.D.C.) i n 
the form of Lecroy Research Systems (L.R.S.) CAMAC u n i t s . 
Readout i n t h i s case i s achieved by di s c h a r g i n g the t i m i n g c a p a c i t o r 
at a r e l a t i v e l y slow r a t e and measuring the time t o do so using a 
kO MHz c r y s t a l c l o c k ; t h i s time s t r e t c h i n g technique i s now used 
e x t e n s i v e l y i n the d r i f t chamber f i e l d ( 1 1 ) . For one event, d i g i t i s e d 
times from many sense wires may be st o r e d i n a computer using a 
common s t a r t pulse. 
The above two analogue t i m e - r e c o r d i n g techniques have been 
used e x t e n s i v e l y i n the g - 2 chamber work t o date. 
There have been developed several techniques of d i g i t a l 
time measurement ( 1 2 ) . The basic idea i s t o s t a r t r e c o r d i n g clock 
t r a i n pulses on a s c a l a r on r e c e i p t o f the t r i g g e r , and t o stop 
counting on r e c e i p t of the s i g n a l pulse. To achieve a s u i t a b l e s p a t i a l 
r e s o l u t i o n , a 2 ns separation of cl o c k pulses i s r e q u i r e d , corresponding 
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t o a clock frequency of 500 MHz. Such c i r c u i t r y i s expensive, but by 
employing a V e r n i e r technique t o i n t e r p o l a t e between c l o c k pulses ( 1 3 ) i 
the use of 100 MHz s c a l a r s ( a v a i l a b l e i n M.S.G.L. I l l ) i s p o s s i b l e . 
For d r i f t time measurement when n o n - l i n e a r space-time 
r e l a t i o n s h i p s occur, automatic hardware compensation has been achieved 
by the use of a n o n - l i n e a r c l o c k t r a i n ( 1 4 ) . 
I t i s intended t o e v e n t u a l l y i n s t a l l new, CSRN-designed, 
d r i f t time d i g i t i z e r s (D.T.D's) i n the g - 2 d r i f t chamber system. These 
employ an i n v e r s e t i m i n g technique (stops preceeding s t a r t s ) v/hich 
e l i m i n a t e s the n e c e s s i t y o f delaying many d r i f t chamber wire channels 
t o the same extent as the e x i s t i n g delay i n the t r i g g e r i n g shower 
counter. The time range covers 768 ns ( 1 ns b i t s ) compared w i t h the 
512 ns of the L.R.S. T.D.C's,.and the D.T.D's have the a d d i t i o n a l 
a b i l i t y t o process more than one h i t per event on a s i n g l e w i r e . 
3.7 The Co n s t r u c t i o n and Te s t i n g of the Production Chambers 
A f t e r f i n a l i s i n g the g - 2 chamber design at Durham U n i v e r s i t y , 
I.R.D. constructed e i g h t such chambers under clean c o n d i t i o n s . Close 
c o l l a b o r a t i o n was maintained between Durham and I.R.D. i n the form o f 
cross-checking mechanical t o l e r a n c e s and sense wire p o s i t i o n i n g . Using 
a t r a v e l l i n g microscope, the l a t t e r were determined w i t h respect t o 
the centre of a 0 . 1 mm wide f i d u c i a l l i n e on a copper s t r i p a f f i x e d 
t o the main frame block. Thus, sense wire p o s i t i o n s v/ere known t o 
b e t t e r than£ 0 . 0 5 mm,and p a r a l l e l i s m t o w i t h i n the accuracy o f the 
measuring instrument was observed. 
Rigorous e l e c t r i c a l t e s t i n g a t Durham f o l l o w e d . This 
comprised checking the v o l t a g e s on a l l H.T. wires using an 
e l e c t r o s t a t i c v o l t m e t e r and e l i m i n a t i n g any breakdown caused by dust, 
sharp solder p o i n t s e t c . ; i n t h i s r espect, G.C. E l e c t r o n i c s "Corona 
Dope" was a p p l i e d a t the sense wire attachment regions. 
Before f i n a l experimental i n s t a l l a t i o n , the pulse h e i g h t -
v o l t a g e c h a r a c t e r i s t i c (see chapter 4 ) of every c e l l was checked f o r 
u n i f o r m i t y . 
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CHAFTER h 
THE LABORATORY TESTING AND SELECTION OF 0P3RATOG PARAMETERS 
OF THE CHAMBERS 
4.1 I n t r o d u c t i o n : Laboratory Test System (1) 
This chapter describes the pr e p a r a t o r y t e s t i n g of the g - 2 
chambers, which was c a r r i e d out using r a d i o a c t i v e sources and cosmic 
rays, p r i o r t o using a c c e l e r a t o r f a c i l i t i e s . Emphasis i s on 
measurements concerning e l e c t r o n d r i f t i n v a r i o u s gases and the 
s e l e c t i o n of a s u i t a b l e mixture f o r use i n g - 2 . The system used f o r 
much of t h i s work i s shown i n f i g u r e 4.1 and consi s t e d of a narrowly 
c o l l i m a t e d ( 0 . 2 5 mm) beam of i o n i z i n g p a r t i c l e s which passed through 
the d r i f t chamber and t r i g g e r e d a standard s c i n t i l l a t o r -
p h o t o n i u l t i p l i e r - d i s c r i i r d n a t o r thus p r o v i d i n g a zero-time s t a r t pulse 
f o r the timimg system. Timing was achieved using the T.A.C - P.H.A. 
method as described i n s e c t i o n 3 - 6 , stop pulses being provided by the 
chamber sense wire v i a a Verweij 2 KQ i n p u t impedance p r e a m p l i f i e r 
and a CERN Semra Benney shaper ( d i s c r i m i n a t i n g a t an i n p u t l e v e l o f 
10 mV). The r a t i o o f the s c a l a r readings ( 1 : 2 ) gave an estimate o f 
e f f i c i e n c y which had t o be c o r r e c t e d f o r P.M. noise and background 
r a d i a t i o n i n t h i s case. 
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The source used f o r t i m i n g t e s t s was a 2 mCi Strontium 90 
^ - e m i t t e r p r o v i d i n g p a r t i c l e s of energy up t o 2 . 2 ? MeV many of which 
were energetic enough t o penetrate the amount of matter i n f r o n t of 
the s c i n t i l l a t o r m a t e r i a l . Because of the f i n e c o l l i m a t i o n , a high 
a c t i v i t y source v/as employed, n e c e s s i t a t i n g much s h i e l d i n g and 
u n f o r t u n a t e l y producing a l a r g e amount of gamma-radiation 
(Brerastrahlung from the source-holder) which caused f a l s e s t a r t s . 
The chamber could be moved between f i x e d runners t o a l l o w 
the beam t o pass at v a r i o u s distances from a sense w i r e , and alignment 
i n t h i s d i r e c t i o n t o w i t h i n 0 . 5 mm was achieved. 
Such a system provides a u s e f u l d r i f t chamber t e s t i n g 
f a c i l i t y i f an a c c e l e r a t o r beam i s not r e a d i l y a v a i l a b l e and s i m i l a r 
arrangements have been s u c c e s s f u l l y employed elsewhere ( 2 ) . 
4 . 2 Pulse Height measurements 
Pulse formation occurs i n the c y l i n d r i c a l f i e l d (as defined 
by equations 1.3 and l . i f ) around the sense wire and i t has been shown 
( 3 | 4 ) t h a t the a m p l i f i c a t i o n f a c t o r , A, f o r p r o p o r t i o n a l wire systems 
f o l l o w s a r e l a t i o n s h i p of the form:-
A oi exp [ v(V/V c)^ - l ] * ( I f . 1 ) 
where V i s the basic a c c e l e r a t i n g p o t e n t i a l (~V..,.T f o r the g - 2 d r i f t 
chambers) and V i s the i o n i z a t i o n t h r e s h o l d , c 
Figure /f . 2 shows the v a r i a t i o n w i t h high v o l t a g e of the most 
probable pulse height (measured on an o s c i l l o s c o p e ) from the output o f 
a high impedance Verweij a m p l i f i e r connected t o a g -2 sense w i r e . 
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mm above the wire and s t r a i g h t l i n e s on a l o g a r i t h m i c scale v e r i f y a 
v a r i a t i o n of the form i n d i c a t e d i n equation 4 .1> the tu r n o v e r a t high 
v o l t a g e s being a t t r i b u t e d t o the onset of space charge e f f e c t s (data 
was c o l l e c t e d i n t o the breakdown r e g i o n ) . As the value of R„ ( f i g u r e 
3 . 5 ) i s decreased, producing a g r e a t e r d r i f t f i e l d per a p p l i e d V.,TV, 
the value of r e q u i r e d t o produce a p a r t i c u l a r pulse, output 
decreases. T h i s shows the adjustment of the a c c e l e r a t i n g f i e l d caused 
by a change i n the graded f i e l d of a d r i f t chamber i e . a strong d r i f t 
f i e l d c o n t r i b u t e s s i g n i f i c a n t l y t o the a c c e l e r a t i n g f i e l d . However, 
i t must be noted t h a t as the d r i f t f i e l d i s increased, chamber 
breakdown i s more r e a d i l y o ccurrent. 
4 . 2 . 1 Pulse Heights from X-Ray Sources 
By s u i t a b l e e l e c t r o n i c processing, the pulse height spectrum 
obtained from a Fe 55 source was displayed on a P.K.A.. Figure 4 . 3 
shows the c h a r a c t e r i s t i c shape w i t h the main peak due t o the 5 *9 KeV 
l i n e and the smaller "escape peak" from the 2 . 9 KeV x-ray. The f i n i t e 
v/idth of the 5*9 KeV l i n e i s due t o the s t a t i s t i c s o f pulse formation 
during the avalanche process and the f l u c t u a t i o n i n the i n i t i a l 
i o n i z a t i o n . I f the assumption o f pulse h e i g h t p r o p o r t i o n a l i t y w i t h 
deposited energy i s made, an energy r e s o l u t i o n of 12% i s observed by 
cons i d e r i n g the s t a r t i n g p o i n t of the spectrum, t h i s becomes 13% on 
cons i d e r i n g an e x t r a p o l a t i o n from the gap between the two peaks. The 
observed r e s o l u t i o n has probably been worsened by the spread i n pulse 
h e i g h t s due t o the m a n i f e s t a t i o n of x-rays i n d i f f e r e n t p a r t s o f the 
chamber (see s e c t i o n 4 . 2 . 2 ) 
Pulse height spectra were obtained f o r other x-ray sources 
and showed d i s t i n c t peaks at v a r i o u s pulse h e i g h t s depending on x-ray 
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energy ( 5 ) . I n a l l cases, the Fe 55 peak was apparent due t o primary 
source e l e c t r o n s impinging on the s t e e l c o n t a i n e r as w e l l as the 
r e l e v a n t t a r g e t metal; t h i s could be e l i m i n a t e d t o a l a r g e extent by 
i n c r e a s i n g the source distance from the chamber thus a l l o w i n g only the 
more energetic x-rays t o m a t e r i a l i s e w i t h i n a d r i f t c e l l . The r e s u l t s 
are p l o t t e d i n f i g u r e 4 . 4 and show an approximately l i n e a r v a r i a t i o n 
•of pulse height peak w i t h x-ray energy. 
The pulse h e i g h t - v o l t a g e curves of Fe 55 x-rays and Sr 90 
p - p a r t i c l e s (not n e c e s s a r i l y minimum i o n i z i n g ) are compared i n f i g u r e 
4 . 5 . The higher pulse h e i g h t s f o r the ^ - s o u r c e are a r e s u l t of the 
g r e a t e r energy deposited i n the form of many primary i o n p a i r s as 
e l e c t r o n s t r a v e r s e or stop i n the chamber, i n comparison w i t h the 
energy deposited by the s i n g l e photoelec'tron produced by the x-rays. 
Once again the space charge e f f e c t s a t high f i e l d s can be seen. 
4 . 2 . 2 Further E f f e c t s 
The output pulse height at a p a r t i c u l a r voltage a p p l i e d t o a 
d r i f t chamber i s increased as the graded f i e l d i s t i l t e d t o compensate 
f o r a magnetic f i e l d . T h i s i s a r e s u l t of two e f f e c t s : the increased 
f i e l d around the sense wire as the gap between any two e q u i p o t e n t i a l s 
i s decreased by ~ c o s i n e ( t i l t a n g l e ) , and the higher v o l t a g e on the 
H.T. wires d i r e c t l y above and below the sense w i r e . The e f f e c t i s 
shown i n f i g u r e 4 . 6 where the x-ray pulse height i s p l o t t e d against 
v o l t a g e f o r three d i f f e r e n t f i e l d t i l t s under otherwise s i m i l a r 
c o n d i t i o n s . 
Using a Fe 55 source c o l l i m a t e d w i t h a 1 mm s l i t i n perspex, 
the pulse height at v a r i o u s distances from the sense wire was 
i n v e s t i g a t e d . Figure 4 . 7 shows a d i s t i n c t and gradual d e t e r i o r a t i o n 
FIG 4-5 COMPARISON OF PULSE HEIGHTS FROM 5-9 KeV 
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i n pulse height towards the sense wire . This e f f e c t has since been 
observed by other workers (6) and has been a t t r i b u t e d t o a s e l f 
l i m i t a t i o n on gain caused by a s l i g h t assymetry of charges on the sense 
wire surface produced by the e l e c t r i c f i e l d s t r u c t u r e of the chamber. 
Another p o s s i b l e e x p l a n a t i o n i s t h a t some gas m u l t i p l i c a t i o n may 
occur i n the d r i f t f i e l d , t hus, l e s s a m p l i f i c a t i o n i s achieved as the 
sense wire i s approached, r e s u l t i n g i n the observed decrease i n pulse 
h e i g h t . (This e x p l a n a t i o n w i l l c e r t a i n l y apply t o the "avalanche 
r e g i o n " ) For minimum i o n i z i n g p a r t i c l e s which produce an i o n t r a i l 
along the whole t r a c k l e n g t h , the e f f e c t i s s l i g h t l y enhanced by the 
spread of the e l e c t r o n swarm being g r e a t e r (due t o geometrical 
reasons) f o r t r a c k s nearer the w i r e , thus causing a v a r i a t i o n i n pulse 
shape w i t h distance from the w i r e . The pulse height d i p e f f e c t i s 
exaggerated i n the d i f f e r e n t i a l pulse shaping of d r i f t chamber 
a m p l i f i e r s . 
4 . 5 E f f i c i e n c y Measurement 
By c a r e f u l s h i e l d i n g , the d e t e c t i n g surface area of the 
s c i n t i l l a t o r was reduced so t h a t only those p - p a r t i c l e s passing 
through a d r i f t c e l l c o uld t r i g g e r the system. E f f i c i e n c i e s of > $0% 
were obtained i n this'way,, the i n e f f i c i e n c y being a t t r i b u t e d mainly t o 
cosmic rays and ^ - r a d i a t i o n from the source ( p l u s a small amount of 
P.M. n o i s e ) . The normalised e f f i c i e n c y - v o l t a g e curve obtained f o r a 
g - 2 chamber i s presented i n f i g u r e 4 . 8 and shows the usual p a r t i c l e 
counter c h a r a c t e r i s t i c s of an increase t o a 100% p l a t e a u , ^ 125 V 
long i n t h i s case, a f t e r which breakdown occurred. This r e s u l t v/as 
achieved using a gate width (T.,^ ) of 1 . 0 /Us, a d i s c r i m i n a t i o n l e v e l 
(V,) of 100 rnV at the output stage of the Verv/eij h igh impedance 
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p r e a m p l i f i e r , and a d r i f t f i e l d of 602 V cm 
The e f f i c i e n c y - v o l t a g e c h a r a c t e r i s t i c i s a d i r e c t 
( s t a t i s t i c a l ) r e s u l t o f the increase i n pulse height w i t h v o l t a g e as 
discussed i n s e c t i o n 4.2 (compare f i g u r e s 4.2 and 5.7) and i s t h e r e f o r e 
a strong f u n c t i o n of V,. For d r i f t chambers, T,,. must be g r e a t e r than 
the maximum d r i f t time i f the c o r r e c t c h a r a c t e r i s t i c is..to be obtained. 
A d e t a i l e d d i s c u s s i o n on the e f f e c t s on e f f i c i e n c y of the parameters 
T,y, and d r i f t f i e l d forms pa r t of another work ( 7 ) . Further 
e f f i c i e n c y measurements w i l l also be presented i n chapter 5 and 
appendix 2. 
4 . 4 D r i f t Time Measurement 
. By a l i g n i n g the d r i f t chamber'so t h a t the i o n i z i n g beam 
passed at known distances from the sense w i r e , d r i f t time d i s t r i b u t i o n s 
throughout the c e l l could be obtained, examples f o r a d r i f t f i e l d o f 
602 V cm 1 i n Argon (90%) - Methane (10. J ) being shown i n f i g u r e 4 . 9 * 
Equal separations of peaks i n d i c a t e a l i n e a r F-pace-time r e l a t i o n s h i p 
i n the region of the chamber i n v e s t i g a t e d and a h o r i z o n t a l scale 
c a l i b r a t i o n of 0.3 mm/channel i s y i e l d e d . Thus t y p i c a l d i s t r i b u t i o n 
F.W.H.M's of ~-1.5 mm were obtained and the c o n t r i b u t i o n s t o t h i s 
d i s p e r s i o n w i l l be discussed i n s e c t i o n 4.6. 
D r i f t times at v a r i o u s distances from the sense wire were 
obtained by observing the peak p o s i t i o n s on the P.M.A. d i s p l a y . 
Figure 4 .10 shows these v a r i a t i o n s f o r s e v e r a l d r i f t f i e l d s i n Argon 
(90%) - Methane (10;'J), where i t i s seen t h a t l i n e a r i t y occurs over 
much of the c e l l except at low f i e l d s , and longer d r i f t times are 
associated w i t h higher f i e l d s f o r t h i s p a r t i c u l a r gas mixture. Also 
f o r a distance of up t o 4 mm on e i t h e r side of the. sense w i r e , the 
J] Jl 1 
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d r i f t v e l o c i t y i s independent of the a p p l i e d d r i f t f i e l d , as i n t h i s 
r e g i o n , e l e c t r o n s are d r i f t i n g i n the much stronger avalanche f i e l d . 
k.5 D r i f t V e l o c i t y Measurement 
The r e s u l t s of f i g u r e 4.10 i n d i c a t e t h a t the d r i f t v e l o c i t y 
of e l e c t r o n s i n a gas i s a d i r e c t f u n c t i o n of e l e c t r i c d r i f t f i e l d , 
hence, an extensive s e r i e s of measurements f o r v a r i o u s gases and f i e l d 
values was performed w i t h the f o l l o w i n g aims:-
a ) t o s e l e c t a s u i t a b l e gas mixture f o r use i n the g-2 
chambers wh i l e o b t a i n i n g i n f o r m a t i o n concerning e l e c t r o n d r i f t 
processes. 
b) t o i n v e s t i g a t e the d i f f u s i o n of e l e c t r o n s i n gases also 
w i t h a view t o s e l e c t i n g a s u i t a b l e gas mixture. 
c) t o measure d r i f t v e l o c i t i e s i n an o p e r a t i o n a l chamber, at 
f i e l d s w i t h i n the p r a c t i c a l range up t o 2 KV, r a t h e r than i n a 
s p e c i a l l y prepared system, ( u s u a l l y , such i n v e s t i g a t i o n s are c a r r i e d 
out a t low f i e l d s ; a r e g i o n where more i n t e r e s t i n g p h y s i c a l e f f e c t s 
occur) and t o compare the r e s u l t i n g curve shapes w i t h e x i s t i n g data. 
The g r a d i e n t s i n the un i f o r m f i e l d regions of the space-
time r e l a t i o n s h i p s o f f i g u r e 4.10 v/ere Measured and hence the d r i f t 
v e l o c i t y v a r i a t i o n w i t h e l e c t r i c f i e l d was determined, t h i s being 
presented t o g e t h e r w i t h an eye f i t t o the data i n f i g u r e if. 1 1 . Also i n 
t h i s f i g u r e are shown the e a r l y r e s u l t s of En g l i s h and Hanria '(9) f o r 
the same gas which i n d i c a t e reasonable agreement at low f i e l d s and 
good agreement at higher f i e l d s , and the more recent t h e o r e t i c a l 
p r e d i c t i o n o f Pa l l a d i n o and Sadoulet (10) which e x h i b i t s a sharper 
peak i n the curve but at the same e l e c t r i c f i e l d value as t h a t 
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For measurement of d r i f t v e l o c i t y i n d i f f e r e n t gases, i n 
order t o reduce the l a b o r i o u s work i n v o l v e d i n determining d i s t a n c e -
time g r a d i e n t s , and hence increase the number of gas mixtures t e s t e d , 
a method i n v o l v i n g only one reading at each value of e l e c t r i c f i e l d 
was employed. This could be achieved i n e i t h e r of two v/ays:-
Observing the c u t - o f f edge of the a s s y m e t r i c a l d i s t r i b u t i o n 
obtained i n the p r o x i m i t y of the f i e l d w ire ( f i g u r e 4 . 1 2(a)) y i e l d s a 
value of maximum d r i f t time ( i e . the time t o d r i f t 14 mm i n t h i s case) 
A novel method of determining the time t o d r i f t 10 mm was 
discovered. V/hen the c o l l i m a t i n g s l i t was a l i g n e d at a p o s i t i o n 10 mm 
from the sense w i r e , the r e s u l t i n g time d i s t r i b u t i o n was found t o 
have a s l i g h t t r o u g h i n the centre ( f i g u r e 4 . 1 2(b)) due t o the 
"shadow" of the f i f t h H.T. wire from t h a t d i r e c t l y above the sense 
wire. Thus the p o s i t i o n of the minimum of t h i s trough represented, i n 
t h i s case, the time t o d r i f t (10.3 £ 0.2)mm as determined using a 
t r a v e l l i n g telescope. 
The l a t t e r method v/as i n f a c t used f o r these i n v e s t i g a t i o n s . 
However, the d r i f t v e l o c i t y i s not n e c e s s a r i l y uniform over the whole 
of the 10 ram d r i f t space f o r reasons evident from s e c t i o n 4.4 and 
hence the r e s u l t s f o l l o w i n g w i l l r e f e r t o the "chamber d r i f t v e l o c i t y " 
t h i s being d e f i n e d by the above technique. "Chamber v e l o c i t y " 
i l l u s t r a t e s the c o r r e c t forms of d r i f t v e l o c i t y v a r i a t i o n w i t h 
e l e c t r i c f i e l d and hence f u l f i l l s the o b j e c t i v e s a ) , b) and c) without 
y i e l d i n g a b s o l u t e l y c o r r e c t values. An example of the v a r i a t i o n of 
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k-5-1 D r i f t V e l o c i t i e s i n Various Gas Mixtures 
The d r i f t v e l o c i t i e s f o r v a r i o u s Argon-Methane mixtures are 
shown i n f i g u r e k-13. ( E r r o r s i n these and f o l l o w i n g curves are of 
the order t 1.1 mm^u and are omitted from the f i g u r e s f o r c l a r i t y . ) 
For Methane c o n c e n t r a t i o n s up t o 10%,relatively low d r i f t v e l o c i t i e s 
are observed w i t h l a r g e v a r i a t i o n at low f i e l d s and small v a r i a t i o n at 
high f i e l d s ( < 10% above 800 V cm"''") tending towards a s a t u r a t i o n 
p l a t e a u i n t h i s r e g i o n . The e f f e c t of the Methane i s t o increase d r i f t 
v e l o c i t y a t a r a t e of between 1.5 a n d 2 mm^u per a d d i t i o n a l 1%, 
Methane i t s e l f s upporting a high d r i f t v e l o c i t y o f the order 130 
mm/^  s "*" as i n d i c a t e d i n f i g u r e ^.13 * For Methane l e v e l s below 3% 
spurious breakdown occurred a t most op e r a t i n g v o l t a g e s . The Argon-
Methane and pure Methane r e s u l t s measured i n the d r i f t chamber show 
reasonable agreement w i t h p r e v i o u s l y determined curves (9 } 11) . 
Figure k-lk shows the r e s u l t s f o r Argon-Isobutane mixtures. 
Peaks i n these curves at low f i e l d values are not as pronounced as f o r 
Argon-Methane and, "at high f i e l d s , i n c r e a s i n g isobutane content 
increases d r i f t v e l o c i t y at the r a t e o f ^ 1 mrn/* s""1" per 1%, For high 
Isobutane content ( > 25^) a tendancy f o r d r i f t v e l o c i t y t o s t e a d i l y 
increase w i t h i n c r e a s i n g f i e l d i s shown and reasonable s a t u r a t i o n 
plateaus {< 8% v a r i a t i o n above 800 V cm"^) are observed. Also i n t h i s 
f i g u r e are shown the r e s u l t s of Charpak et a l . (12) f o r the commonly-
used Argon (75)-Isobutane (25 ) mixture. The v a r i a t i o n s of a l l curves 
agree w e l l w i t h r e s u l t s since published (13) but values of the l a t t e r 
are ~ 15.i> lower, discrepancies being a t t r i b u t e d t o the measuring 
technique. 
As the Argon-Methane curves tend t o f a l l towards plateaus 
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plateaus, i t was decided t o i n v e s t i g a t e mixtures o f the th r e e gases 
w i t h the aim of achieving a good d r i f t v e l o c i t y s a t u r a t i o n w i t h 
e l e c t r i c f i e l d . Figure 4.15 i n d i c a t e s t h a t t h e d r i f t v e l o c i t y curves 
f o r Argon-Isobutane-Methane mixtures f o l l o w p r e d i c t a b l e t r e n d s . Low 
content Isobutane mixtures show s i m i l a r c h a r a c t e r i s t i c s t o Argon-
Methane but f o r a given p l a t e a u l e v e l the d r i f t v e l o c i t y v a r i a t i o n 
w i t h f i e l d i s s l i g h t l y l e s s f o r the former. At higher Isobutane 
c o n c e n t r a t i o n s , the curves l o o k more l i k e those of Argon-Isobutane 
but w i t h b e t t e r p l a t e a u s , e x c e l l e n t s a t u r a t i o n p r o p e r t i e s being 
e x h i b i t e d by Argon(67 . 5)-Isobutane ( 2 5)-Methane(7 . 5 ) and Argon ( 5 9 . 5 ) -
Isobutane (34)-Methane (6 .5 ) mixtures. Hence i t can be sa i d t h a t the 
a d d i t i o n of a small amount of Methane t o one of the common Argon-
Isobutane mixtures produces favourable d r i f t v e l o c i t y c h a r a c t e r i s t i c s 
f o r d r i f t chambers. 
Figure 4.16 shows a comparison between the d i f f e r e n t 
mixtures mentioned above w i t h the a d d i t i o n of curves f o r two more 
gases. Argon(80)-Carbon Dioxide ( 2 0 ) , a popular p r o p o r t i o n a l counter 
gas (14) , e x h i b i t s a steep r i s e as e l e c t r i c f i e l d i s increased and i s 
t h e r e f o r e u n s u i t a b l e f o r normal d r i f t chamber o p e r a t i o n . However, i t 
i s suggested t h a t such a mixture may prove u s e f u l when the e f f e c t s o f 
small v a r i a t i o n s i n f i e l d c o n f i g u r a t i o n s (eg. earthed windows) are t o 
be i n v e s t i g a t e d . An attempt t o produce a s a t u r a t i o n plateau at low 
f i e l d s by the replacement i n t h i s mixture of 8% Argon w i t h Methane was 
unsuccessful as a s i m i l a r c h a r a c t e r i s t i c was obtained. Attempts were 
al s o made t o use pure Argon i n a d r i f t chamber but spontaneous 
breakdown prevented the c o l l e c t i o n o f any u s e f u l data. The Argon 
curve of f i g u r e 4.16 i s taken from experimental measurements by 
English and Hanna ( 9 ) . 
0) a> 0l rt 
CJ Q rd tn <U O cu i n O 
r <U o in CM in la) 
















O CD LO CO 
\ 
FIG 4.16 : COMPARISON OF DRIFT VELOCITIES 



















uoo 1600 1800 800 10C0 12C0 600 400 200 
FIELD ( V / C M ) 
A - A r g o n - m e t h a n e ( 9 0 / 1 0 ) 
B - A r g o n - isobutsns (33 /17 ) 
C - Argon - m s i h a n s - i s o b u t s n s (67 -5 /? -5 /25 ) 
D Argon- C 0 2 (CO/20) and A r g o n - m e t h a n e - C O . (72/2/2 0 J 
E - A r ^ c n - nic-thr.n-.? ( 5 0 / 5 0 ) 
F - Mo l tens 
-56-
Other gases which have been used i n d r i f t chambers are pure 
Ethylene (15) and a "magic gas" (13, 16) where the a d d i t i o n of a small 
q u a n t i t y of Meth y l a l t o the normal Argon-Isobutane mixture prevents 
breakdown and the p o l y m e r i z a t i o n of Isobutane without modifying the 
d r i f t v e l o c i t y behaviour. 
4.5.2 Explanation of Results 
The d r i f t v e l o c i t y , w, and c h a r a c t e r i s t i c energy, £ .r (see 
s e c t i o n 1 .3 .2) , of d r i f t i n g e l e c t r o n s obey i n c r e a s i n g power laws i n 
e l e c t r i c f i e l d , E, (10) , thus f o r a constant e l a s t i c c o l l i s i o n cross 
s e c t i o n , 0"E , the e l e c t r o n d r i f t v e l o c i t y tends t o increase w i t h 
i n c r e a s i n g f i e l d . 
However, i n Argon, f o r example, CJ-r, i s a strong f u n c t i o n of 
p 
e l e c t r o n energy, £ ( = m V") where V i s the e l e c t r o n thermal 
v e l o c i t y , as seen i n f i g u r e 4.17, e x h i b i t i n g a Ramsauer minimum 
(10, 17) at 0.3 eV. Thus f o r 6 K < 0.3 eV, w w i l l increase r a p i d l y 
w i t h E i n t h i s gas. As C„ r i s e s when Qv > 0.3 eV, the increase i n 
energy l o s t per c o l l i s i o n w i l l reduce d r a s t i c a l l y ( t o an almost 
constant l e v e l ) the r a t e o f increase of w w i t h E. A f t e r 11.5 eV, a 
f a i r l y steep r i s e i n w w i t h E i s resumed; theory and experimental 
r e s u l t s agree extremely w e l l i n t h i s case (18) . 
I n g e n e r a l , f o r l a r g e values of E, an e l e c t r o n a c c e l e r a t e d 
i n a viscous medium q u i c k l y a t t a i n s a s t a b l e d r i f t v e l o c i t y as the 
energy gained between c o l l i s i o n s w i t h gas molecules i s counter-
balanced by t h a t l o s t i n the c o l l i s i o n . The r i s e i n CT„ w i t h E f o r 
organic gases cannot account wholly f o r the l a t t e r process and 
r o t a t i o n a l and v i b r a t i o n a l e x c i t a t i o n must be i n c l u d e d t o e x p l a i n the 
s a t u r a t i o n o f d r i f t v e l o c i t y at high f i e l d s (10) . 
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I n the same .manner as f o r the Argon, d r i f t v e l o c i t y curve, 
the behaviour o f the Arson-Methane and Argon-Isobutane curves at low 
values o f E can be accounted f o r by co n s i d e r i n g the r e s u l t a n t cr-J e 
ill 
v a r i a t i o n s when the gases are mixed. . The v a r i a t i o n of cT_, f o r organic 
gases i s complex and not w e l l known at low energies, however, by 
p o s t u l a t i o n of a f l a t cross s e c t i o n f o r Isobutane a t energies below 
1 eV, which r e s u l t s i n a p a r t i a l f i l l i n g o f the Ramsauer d i p , the 
Argon-Isobutane v a r i a t i o n has been s u c c e s s f u l l y p r e d i c t e d (10) . The 
t h e o r e t i c a l v a r i a t i o n c a l c u l a t e d f o r Argon-Methane by the same 
workers does not agree as w e l l w i t h experiment (see f i g u r e i f . l l ) . A 
r a p i d f a l l - o f f i n cross s e c t i o n f o r Carbon Dioxide i s known t o occur, 
t h i s e x p l a i n i n g the d r i f t v e l o c i t y i n c r e a s e observed f o r the Argon-
Carbon Dioxide Mixture. 
The d i f f e r e n t d r i f t v e l o c i t y magnitudes i n gases are the 
r e s u l t of the d i f f e r e n t mean fr e e paths i n v o l v e d . The l a t t e r depends 
on the !.?;olecular s t r u c t u r e and i t s increase e f f e c t s a d r i f t v e l o c i t y 
increase. 
if. 5.3 The S e l e c t i o n o f a Gas Mixture f o r the g-2 Chambers 
The main requirement f o r a d r i f t chamber gas i s s t a b i l i t y 
of d r i f t v e l o c i t y w i t h e l e c t r i c f i e l d i n order t o produce l i n e a r space-
time r e l a t i o n s h i p s throughout each d r i f t r e g i o n . From the r e s u l t s 
presented i n s e c t i o n '4. 5. I , t h i s c o n d i t i o n i s seen t o occur f o r 
Argon-Methane ( i n most p r o p o r t i o n s ) , Argon-Isobutane and Argon-
Isobutane-Kethane Mixtures ( p r o v i d i n g the Isobutane content i s high 
enough i n the l a t t e r two) and p r o v i d i n g the e l e c t r i c f i e l d at a l l 
p o i n t s i n the chamber i s high enough i e . £ 800 V c:n"''". For r e s o l u t i o n 
t e s t s e t c . , where the r e g u l a r f i e l d regions o f the d r i f t spaces are 
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i n v o l v e d , work at much lower f i e l d s i s p o s s i b l e f o r these p a r t i c u l a r 
mixtures. 
For short d r i f t l e n g t h s , as i n the g-2 chambers, a low 
d r i f t v e l o c i t y i s advantageous as a l a r g e r range of times w i l l be 
produced. (For very long d r i f t spaces, a f a s t gas such as Methane may 
be b e n e f i c i a l t o a l l o w the use of commercial t i m i n g e l e c t r o n i c s ) . The 
low Methane content Argon-Methane mixtures t e s t e d show favourable 
r e s u l t s concerning t h i s p r o p e r t y . 
The mixtures above compare s i m i l a r l y i n t h e i r s t a b i l i t y 
p r o p e r t i e s w i t h gas composition and, i n t h i s r espect, i t i s convenient 
(and cheap) t o use a standard gas mixture (eg Argon ( 7 5)-Isobutane ( 2 5 ) ) . 
Argon(9C)-Methane(10) was found t o be an extremely cheap, p r e f i x e d 
i n d u s t r i a l gas, and r e p r o d u c i b l e r e s u l t s w i t h o u t any d e t e r i o r a t i o n i n 
chamber performance have been y i e l d e d from t h i s mixture throughout 
t h i s work. 
The good behaviour of the s e l e c t e d gas i n magnetic f i e l d s i s 
d e s i r e a b l e , and i t w i l l be observed i n chapter 6 t h a t the d r i f t 
v e l o c i t y s a t u r a t i o n p r o p e r t y of Argon(90)-Methane(10) i s improved i n 
magnetic f i e l d s up t o 15 KGauss, a l l o w i n g successful d r i f t chamber 
o p e r a t i o n at e l e c t r i c f i e l d s > 600 V cm-'''. 
An important aspect of gas s e l e c t i o n ( e s p e c i a l l y f o r l a r g e 
d r i f t spaces) i s the d i f f u s i o n of the d r i f t i n g e l e c t r o n swarm i n the 
gas. This w i l l be discussed i n s e c t i o n L..G where i t i s shown t h a t 
d i f f u s i o n problems were g r e a t e r f o r the Isobutane mixtures t e s t e d than 
f o r those c o n t a i n i n g Methane even i n the small d r i f t spaces of the g-2 
chambers. 
The gas mixture e v e n t u a l l y chosen was Argon(90)-Methane(10) 
which was used f o r most of the work presented i n t h i s t h e s i s , and, i n 
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a d d i t i o n t o the p r o p e r t i e s mentioned above, t h i s mixture e x h i b i t e d 
s a t i s f a c t o r y gas gain c h a r a c t e r i s t i c s without causing any damage t o 
the chamber wi r e s , as i s the requirement of most wire discharge 
counters. F i n a l l y , i t must be added t h a t the gas mixture chosen i s 
not n e c e s s a r i l y the best d r i f t chamber gas a v a i l a b l e , but has been 
found t o be s a t i s f a c t o r y t o the p a r t i c u l a r requirements of t h i s 
p r o j e c t . Argon-Isobutane mixtures are popular at CERN, whi l e the 
search f o r an i d e a l gas s t i l l continues. 
4.6 S p a t i a l Resolution 
I n order t o a s c e r t a i n t h a t most of the observed peak wi d t h 
i n these l a b o r a t o r y t e s t s was due t o the severe m u l t i p l e Coulomb 
s c a t t e r i n g of the low energy source p a r t i c l e s , the v a r i a t i o n of the 
F.W.H.H's of the time spectra, as the sense wire t o c o l l i m a t i n g s l i t 
d istance (d of f i g u r e 4- 18) was a l t e r e d , was i n v e s t i g a t e d . T his was 
done f o r a d r i f t f i e l d of 602 V cm - 1 i n Argon(90)-v;ethane(10). 
The main ".ontributions t o the width are: the g e o m e t r i c a l 
(Xg) 
d i s p e r s i o n . i n d i c a t e d i n f i g u r e 4.18 and the m u l t i p l e s c a t t e r i n g A 
(mostly i n a i r ) which produces an apparent r a d i u s of c u r v a t u r e ( r ) 
f o r the p a r t i c l e o f : -
r = 0 . 9 3 (M/meZ)^" (i f . 2 ) 
over the f i r s t h a l f of the range (R). I n t h i s case, Z - 7.4 f o r a i r 
and. M = mg the e l e c t r o n mass. This expression produces a sideways 
displacement of ~ d /0.662R and on i n c l u d i n g the forementioned 
geometrical f a c t o r , the expected displacement (X mm) i s given by:-
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Figure 4.19 shows the v a r i a t i o n of F.V/.H.M. w i t h d, the l i n e being a 
p 
l e a s t squares f i t t o the f u n c t i o n X = aQ + a^d + a^d . Figure 4.20 
compares the f i t t o the p r e d i c t e d s c a t t e r i n g curves f o r e l e c t r o n s of 
energy up t o 2.27 MeV (the cut o f f f o r the 3r90 spectrum). An 
e x t r a p o l a t i o n of the f i t t o d = 0 should y i e l d a d e v i a t i o n 
corresponding t o the s l i t w i d t h , however the f a i l u r e t o produce t h i s 
r e s u l t i m p l i e s e x t r a s c a t t e r i n g which w i l l c e r t a i n l y occur from the 
sides of the s l i t and i s d i f f i c u l t t o account f o r i n these 
c a l c u l a t i o n s . Extra c o n t r i b u t i o n s t o the peak width are s c a t t e r i n g i n 
the a i r w i t h i n the 50 mm long s l i t and from chamber wires and windows, p l u 
the genuine t i m i n g j i t t e r occurrent i n the d r i f t process i t s e l f . (The 
l a t t e r w i l l be discussed i n the next s e c t i o n . ) 
On n o r m a l i s i n g the f i t at d = 0, a curve of s i m i l a r form t o 
the t h e o r e t i c a l v a r i a t i o n s i s obtained, whose mean value of R 
(determined from equation 4 .3) corresponds t o a p a r t i c l e of energy 
0.8 MeV, which i s a reasonable' r e s u l t on c o n s i d e r i n g the ^ - s p e c t r u m 
from Sr90 
Hence, the t y p i c a l s p a t i a l r e s o l u t i o n s observed (~- + 0.7 mm) 
using the system of f i g u r e 4.1, can be a t t r i b u t e d mainly t o the 
m u l t i p l e s c a t t e r i n g of the beam, and t o measure the i n t r i n s i c 
r e s o l u t i o n a c c u r a t e l y , a high energy p a r t i c l e beam must be employed. 
4.6.1 D i f f u s i o n and Other C o n t r i b u t i o n s t o the Time Spread 
For t h i s system, the f o l l o w i n g c o n t r i b u t i o n s ( a d d i t i o n a l t o 
the spread of the c o l l i m a t e d beam) to the peak widths are present:-
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a) F l u c t u a t i o n s in. the primary i o n i z a t i o n ( s t a t i s t i c a l and 
dependent on energy) and i n i t i a l t r a c k thickness ( s i g n i f i c a n t at low 
i n c i d e n t p a r t i c l e e n e r g i e s ) . 
b) The d i f f u s i o n of the e l e c t r o n swarm i n the gas. 
c) The mechanical alignment o f the sense wire and i t s 
p a r a l l e l i s m w i t h the c o l l i m a t i n g s l i t . 
d) F l u c t u a t i o n s i n the H.T. v o l t a g e and gas composition. 
e) E l e c t r o n i c processing and time measurement. 
f ) Random stops from y's and cosmic rays. 
a) and b) depend on the gas composition, c) and d) were l i m i t e d as f a r 
as p o s s i b l e and l i t t l e f u r t h e r c o n t r o l could be exercised over e) and 
f ) . As b) i s a s i g n i f i c a n t f a c t o r and i n s t r u m e n t a l i n the choice of 
gas, d i f f u s i o n w i l l now be b r i e f l y discussed. 
Equation 1.2 can be r e w r i t t e n i n terms of d r i f t v e l o c i t y , 
v/:-
<7 X = J 2DX/V (luk) 
D/w i s high f o r Argon but can be reduced by the a d d i t i o n of an 
organic gas which e f f e c t i v e l y cools the e l e c t r o n s (reduces 6 „ ) . Thus, 
f o r a p a r t i c u l a r beam p o s i t i o n , any v a r i a t i o n i n peak width w i t h gas 
composition must be due t o the d i f f e r e n t values of d i f f u s i o n , CT^ > 
produced. 
Th i s r e s u l t i s presented q u a l i t a t i v e l y i n f i g u r e ^.21 f o r 
th r e e of the gas mixtures t e s t e d . The v a r i a t i o n of peak wi d t h w i t h 
e l e c t r i c f i e l d shows a form s i m i l a r t o t h a t o f the data c o l l e c t e d 
t o g e t h e r by Rice-Evans ( 1 8 ) , and can be explained i n terms of equation 
i f . ^ ( i e . v a r i a t i o n of w and 6 w i t h E). The Ar^on-Methane curve shows 
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r e s o l u t i o n t y p i c a l of mixtures c o n t a i n i n g up t o 10% Methane and i n 
t h i s respect i s more s u i t e d t o d r i f t chambers than Argon-Isobutane. 
Equation k.k a l s o i m p l i e s t h a t d i f f u s i o n i s p r o p o r t i o n a l t o J t i m e ' 
which i s v e r i f i e d by a p l o t of peak width against d r i f t time f o r three 
gases i n f i g u r e 4 .22 . The d i f f u s i o n w i t h d r i f t distance was found t o 
be very small f o r Argon-Methane, t h i s e f f e c t being swamped by the 
s c a t t e r i n g i n t h i s system. 
I t should also be mentioned t h a t the d i f f u s i o n i s p a r t i a l l y 
r esponsible f o r the pulse shape at the sense wire and, as such, 
e l e c t r o n i c s should be designed t o be s e n s i t i v e t o a few e l e c t r o n s (one 
i f p o s s i b l e ) i n order t o reduce the j i t t e r caused by spread i n r i s e 
times. The t i m i n g p r e c i s i o n could be improved by d e t e c t i n g always the 
c e n t r o i d of the swarm but t h i s would r e q u i r e more s o p h i s t i c a t e d 
d i s c r i m i n a t i o n techniques than those normally employed. 
4.7 Cosmic Ray Tests 
A u s e f u l method of monitoring d r i f t v e l o c i t y throughout a 
c e l l i s t o use cosmic r a d i a t i o n (C.R.) (mainly high energy muons and 
e l e c t r o n s a t sea l e v e l (20)) as a t r i g g e r source. Since the C.R. f l u x 
(dN/dx) over a d r i f t chamber i s e s s e n t i a l l y u n i f o r m , the d i s t r i b u t i o n 
of d r i f t times (dN/dt) measures d i r e c t l y the d r i f t v e l o c i t y (V^) of 
the e l e c t r o n s as a f u n c t i o n of t o t a l d r i f t time i e . : -
dN dN e dx * V D ( t ) 
dt dx dt 
(4 .5 ) 
Figure 4.23 shows the r e s u l t s of two 70 hour exposures t o 
C. R. of one h o r i z o n t a l l y - p o s i t i o n e d c e l l of a g -2 chamber, the s t a r t 
FIG. 4-23 DRIFT TIME DISTRIBUTIONS FROM COSMIC RAYS 
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s i g n a l s provided by a v e r t i c a l s c i n t i l l a t o r telescope ( i e . one 
s c i n t i l l a t o r above and one below the chamber, covering the whole c e l l 
a r e a ) . Seasonably f l a t - t o p p e d d i s t r i b u t i o n s were obtained i n d i c a t i n g 
u niform e f f i c i e n c y ( a l s o i m p l y i n g l i n e a r g a i n ) and uniform d r i f t 
v e l o c i t y over most of the c e l l . 
The spectra cut o f f edges were not as steep as i n i t i a l l y 
expected and the f o l l o w i n g explanations are o f f e r e d : At'the f i e l d 
w i re end of the d i s t r i b u t i o n , t h i s i s probably due t o the geometrical 
e f f e c t of angled t r a c k s (13) which produces longer d r i f t l e n g t h s , the 
2 
cosine angular d i s t r i b u t i o n f o r cosmic rays (20) causing the gradual 
slope. The s l o p i n g edges of the spectra at short times are probably 
due t o an i n e f f i c i e n c y around the sense wire (see s e c t i o n 5.5.1) 
t o g e t h e r w i t h the low d r i f t v e l o c i t i e s o f e l e c t r o n s i n the high f i e l d s 
of t h i s saiiie r e g i o n b i a s i n g the spectra towards s l i g h t l y higher times. 
This l a t t e r e f f e c t may a l s o be responsible f o r the s l i g h t peak 
observed at the beginning of the pl a t e a u ( p l u s the f a c t t h a t any 
random chamber pulses are l i k e l y t o o r i g i n a t e i n the sense wire 
r e g i o n ) . The peak at the other end of the p l a t e a u i s probably due t o 
f i e l d emission from the p o t e n t i a l w i r e . 
From previous measurements ( f i g u r e 4 .11) maximum d r i f t times 
of 359 ns and 378 ns were p r e d i c t e d f o r f i e l d s of 465 Vcm~^ and 
593 Vcm""*" r e s p e c t i v e l y , these times r e p r e s e n t i n g w e l l the d i s t r i b u t i o n 
widths as i n d i c a t e d i n f i g u r e 4 .22 . 
This CP. technique has been of importance i n the t e s t i n g of 
l a r g e experimental d r i f t chambers (21) . 
4.8 'Tests on the Curved End 
The f e a s i b i l i t y of c r e a t i n g a u s e f u l d r i f t f i e l d i n the 
curved end re g i o n was f i r s t i n v e s t i g a t e d using the small t e s t chamber 
mentioned i n s e c t i o n 3 .1 . Two e x t r a H.T. wires were i n t r o d u c e d i n t o 
the chamber a t a v o l t a g e 614 V g r e a t e r than and at a distance 10 mm 
from the p o t e n t i a l wire of one end of the c e l l (which supported a 
d r i f t f i e l d of 602 Vera" 1). Outside the other end of the c e l l , two 
curved e l e c t r o d e s c o n s t r u c t e d from 0 .75 mm diameter t i n n e d copper wire 
were connected at a distance of 4 mm from the p o t e n t i a l w i r e , the 
curvat u r e extending t o a maximum distance o f 10 mm from the c e l l ; 
these were maintained at a v o l t a g e 614 V g r e a t e r than t h a t of the 
p o t e n t i a l w i r e , thus producing d r i f t f i e l d s between 614 and 1535 
V C!ti"\ The wire c o n f i g u r a t i o n s are s c h e m a t i c a l l y i l l u s t r a t e d i n 
f i g u r e 4.24 where the r e s u l t s o f a normal d r i f t t i me-distance scan are 
presented. L i n e a r i t y was observed ou t s i d e the normal c e l l f o r both 
simulated curved end e l e c t r c d e c o n f i g u r a t i o n s . 
Figures if. 25 and 4.26 show the space-time r e l a t i o n s h i p s 
obtained f o r the pr o t o t y p e and production curved ends r e s p e c t i v e l y , 
reasonable d r i f t time l i n e a r i t y being recorded i n the l a t t e r case, but 
the observation of s e n s i t i v i t y t o the end of the chamber was not 
p o s s i b l e due to the a b s o r p t i o n of the beam by the glC window supports. 
These t e s t s have shown t h a t e l e c t r o n s can be d r i f t e d 
s u c c e s s f u l l y i n d i s t o r t e d shape e l e c t r i c f i e l d s thus a l l o w i n g the 
curved end re g i o n o f the g-2 chambers t o be s e n s i t i v e t o t r a v e r s i n g 
i o n i z i n g p a r t i c l e s . The absolute e f f i c i e n c y i n t h i s r e g i o n was 
d i f f i c u l t t o measure due t o the geomet r i c a l shape i n v o l v e d , and the 
r e s o l u t i o n was at the most a f a c t o r of two worse than f o r the normal 
c e l l . The purpose of the curved end r e g i o n i s t o provide some degree 
of s e n s i t i v i t y t o e l e c t r o n s near the storage tank i n the g-2 
experiment and, although the performance of t h i s r e g i o n as a d r i f t 












FIG. 4-25. DRIFT TIMES IN THE PROTOTYPE CURVED END. 
700 • i Drift Field = 575 V cm 
2-205 KV max 600 
3 85 KV to 
3-50 KV 500 
400 
300 END OF NORMAL CELL 
i i 200 10 12 8 14 16 20 22 18 
DISTANCE FROM SENSE WIRE (mm) 
FIG, 4-26. DRIFT TIME VS. DISTANCE IN FINAL (TILTED) DRIFT FIELD 
SHOWING DRIFT TIMES IN CURVED END. 
500 i Drift Field= 570 Vcm 
CURVED END (in S.W. PLANE) REGION 2-18 KV 400 max 2 18 KV 
1 84 KV POTENTIAL 
WIRE 300 SENSE SENSE in WIRE WIRE 
POTENTIAL UJ ? 200 WIRE 
100 
j 12 24 28 
AR3ITRARY DISTANCE SCALE (mm) 
-65-
space i s n a t u r a l l y not as good as t h a t of the normal c e l l , r e s u l t s 
if. 9 Other Parameters 
The observed d r i f t times i n t i l t e d e l e c t r i c f i e l d s are 
a f f e c t e d by the f l o w - l i n e t r a j e c t o r i e s f o l l o w e d by the e l e c t r o n s . The 
operation of d r i f t chambers i n t h i s mode (B = 0) i s normally not of 
great s i g n i f i c a n c e and as such, d i s c u s s i o n i s l e f t u n t i l chapter 6 
where the s i m i l a r s i t u a t i o n of low B values i s encountered, and 
r e s u l t s f o r B = 0 are presented i n appendix 2. As w e l l as the 
i n v e s t i g a t i o n o f the curved end r e g i o n , f i g u r e 4. 26 also shows the 
space time r e l a t i o n across the f i n a l f i e l d c o n f i g u r a t i o n (45° t i l t o f 
e l e c t r i c f i e l d ) t o be approximately l i n e a r . 
v a r i o u s t r a j e c t o r i e s of an i n f i n i t e l y narrow beam passing a f i x e d 
p o i n t i n the sense wire plane as i n f i g u r e 4 .27, where the q u a n t i t i e s 
1 and d are de f i n e d . P and 0 are the p o i n t s where the s e m i c i r c l e , 
centre A and r a d i u s 1/2 i n t e r s e c t the bottom II.T. plane. I t i s easy t o 
see t h a t f o r the beam i n t e r s e c t i n g t h i s plane o u t s i d e PC ( o r f o r a l l 
t r a c k s when d ^  1/2) the cl o s e s t approach distance (X) of a t r a c k t o 
the sense wire i s given by:-
where (9 i s the angle of the beam. For i n t e r s e c t i o n between P and Q we 
have:-
were nevertheless encouraging. 
Angled t r a c k s are important i n d r i f t chambers. Consider the 
X = 1 cos© (k.6) 
d 2sec 2© - 21 d t a n (9 (4 .7) 
F I G . 4-27 Construction for angled t r a c k s 
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As an example, the system of f i g u r e 4.1 was arranged so t h a t 
the chamber could be r o t a t e d about a p o i n t 8 mm from the sense w i r e , 
( i e . 1 = 8 , d = 3) and the beam passed through t h i s p o i n t . The time 
d i s t r i b u t i o n s obtained f o r v a r i o u s values of (9 are shown i n f i g u r e 
4.28 and i n d i c a t e the expected movement tov/ards s h o r t e r d r i f t times as 
0 increases. Figure 4.29 shows the experimental v a r i a t i o n o f d r i f t 
time w i t h angles up t o 47° and the estimated curve from equations 4.6 
and 4 .7 . The discrepancy i s most c e r t a i n l y due t o the f l o w - l i n e 
t r a j e c t o r i e s f o l l o w e d r a t h e r than the d i r e c t paths (a transposed 
t h e o r e t i c a l curve f i t t i n g the data w e l l ) , thus the angle e f f e c t i s 
reduced i n p r a c t i c e . Also, no ser i o u s d e t e r i o r a t i o n i n r e s o l u t i o n w i t h 
angle has been observed ( 1 ) . 
Since t h i s work, extensive data on angled t r a j e c t o r i e s has 
been published ( 12 ) , and although the above example has not considered 
the e f f e c t of va r y i n g 1, i t has been i l l u s t r a t e d t h a t angle e f f e c t s 
w i l l be minimal f o r g -2 e l e c t r o n t r a c k s . 
The m u l t i t r a c k r e s o l u t i o n and d e p r e c i a t i o n i n pulse height 
and e f f i c i e n c y at high p a r t i c l e r a t e s has been s t u d i e d a t CERN (6) and 
i s a s i g n i f i c a n t aspect of d r i f t chamber o p e r a t i o n i n high energy 
physics. However, no attempt t o pursue t h i s work has been made i n t h i s 
p r o j e c t as t h i s i s not a problem i n g - 2 . 
4.10 Conclusion 
The proto t y p e chambers have been s u c c e s s f u l l y operated i n 
source and cosmic ray t e s t s and the c a p a b i l i t i e s o f a t e s t system 
designed f o r a l a b o r a t o r y have been i n v e s t i g a t e d . Resolutions of the 
order ± 0 . 7 mm have been observed w i t h most of the spread accounted 
f o r i n the m u l t i p l e Coulomb s c a t t e r i n g of source e l e c t r o n s . 
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A mixture of 9O7& Argon and 10;^ Methane has been chosen as a 
working gas f o r the f i n a l g -2 chambers, t h i s showing favourable 
p r o p e r t i e s of pulse h e i g h t , e f f i c i e n c y , d i f f u s i o n and magnitude and 
s t a b i l i t y of d r i f t v e l o c i t y . 
-1 -1 
An a p p l i e d d r i f t f i e l d of 600 Vcm (~850 Vcm on 
considering the f i n a l f i e l d t i l t ) has been chosen as a s a t i s f a c t o r y 
parameter regarding space-time l i n e a r i t y , s a t u r a t i o n of d r i f t v e l o c i t y 
and good g a i n , without any appreciable breakdown or need f o r excessive 
voltages. Pulse height and e f f i c i e n c y t e s t s have enabled the complete 
f i n a l design o f the K.T. parameters. 
D i s c r i m i n a t i o n l e v e l s compromising between the requirements 
of s e n s i t i v i t y t o one d r i f t e l e c t r o n and the r e d u c t i o n of noise have 
been se l e c t e d , these corresponding t o a t h r e s h o l d at ~ 1 % of the s i g n a l 
maximum. 
A b r i e f i n v e s t i g a t i o n i n t o angled t r a c k s has been made and 
the curved end region has been s u c c e s s f u l l y made a s e n s i t i v e d r i f t 
space. 
F i n a l l y , the d r i f t v e l o c i t y c h a r a c t e r i s t i c s of a s e l e c t i o n 
of gases have been measured and explanations have been o f f e r e d f o r any 
e f f e c t s apparent during these t e s t s . 
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CHAFTER 5 
THE OPERATION OF DRIFT CHAMBERS IN AN ACCELERATOR BEAM 
5.1 I n t r o d u c t i o n 
This chapter describes the operation and performance of the 
g -2 d r i f t chambers i n the Daresbury Laboratory e + t e s t beam. The 
main aims were t o study chamber e f f i c i e n c y and r e s o l u t i o n under 
v a r i o u s c o n d i t i o n s of i n c i d e n t p a r t i c l e energy and e x t e r n a l magnetic 
f i e l d s t r e n g t h . 
Simple, s t r a i g h t - l i n e t r a c k r e c o n s t r u c t i o n i n up t o four 
chambers was c a r r i e d out and the r e p r o d u c i b i l i t y o f d r i f t time 
measurements i n Argon-Methane was i n v e s t i g a t e d . Also, from these t e s t s , 
i n f o r m a t i o n on the beam p r o f i l e was forthcoming, such an exercise 
being u s e f u l as t h i s i s s i m i l a r t o the main f u n c t i o n o f the storage 
r i n g system. 
5.2 The NINA Test Beam (1 , 2) 
The Daresbury t e s t beam i s a low i n t e n s i t y p o s i t r o n beam 
having a cross s e c t i o n a l spread i n the experimental area of up t o 
2 
~ 25 cm and an a v a i l a b l e energy range up t o 5 GeV w i t h a spread of 
~ 1% at any s e t t i n g above say 1 GeV. 
Positrons may be produced i n tv/o ways:-
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a) Use of a "beam bump"; a pulsed magnet i s used t o d e f l e c t 
p a r t of the hard core of the main c i r c u l a t i n g e l e c t r o n beam through a 
c o l l i m a t o r and onto a tungsten t a r g e t once every 60 cycles or more (a 
cy c l e o c c u r r i n g every 20 ms). Such an e x t r a c t i o n occurs at the 
beginning o f an a c c e l e r a t i n g cycle and hence only p o s i t r o n energies 
of up t o kO% of "NINA" energy are o b t a i n a b l e . The advantage o f t h i s 
method i s t h a t high and c o n t r o l l a b l e f l u x e s are obtained. 
b) P a r a s i t i c e x t r a c t i o n : t h i s method i n v o l v e s a l l o w i n g 
e l e c t r o n s at the edge of the c i r c u l a t i n g beam t o impinge on the t a r g e t 
a f t e r the main beam has been t a r g e t e d elsewhere, advantages here 
being t h a t the main user i s not d i s t u r b e d and energies up t o almost 
maximum beam energy can be obtained. 
A f t e r e x t r a c t i o n by one of the above methods, the t a r g e t 
produces a photon beam which i s cleaned of charged p a r t i c l e s and 
i n c i d e n t on a second t a r g e t which produces e + e~ p a i r s (see f i g u r e 
5.1). A momentum s e l e c t i o n system comprising a H10 bending magnet and 
momentum s l i t s f o l l o w s . A f t e r t h i s double conversion process, the 
r e s u l t i n g p o s i t r o n beam i s channelled i n t o the experimental area. 
Most of the d r i f t chamber t e s t s were completed using the 
p a r a s i t i c mode as only one event per e x t r a c t i o n pulse could be 
obtained using beam bump and, f o r high f l u x e s , m i s r e l a t e d stops could 
occur. 
5.3 Experimental Arrangements 
The r e s u l t s presented i n t h i s chapter were taken over t h r e e 
Daresbury c y c l e s , using a d i f f e r e n t system i n each according t o the 
a v a i l a b i l i t y o f d r i f t chambers at the time. Each system w i l l now be 
described as t h i s w i l l i n d i c a t e the type of t e s t i n g which can be 
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c a r r i e d out, p r i o r t o i n s t a l l a t i o n i n an experiment, using an 
a c c e l e r a t o r f a c i l i t y and a l i m i t e d number of chambers. 
5.3.1 System 1 
This system employed only the f i r s t p r o t o t y p e chamber w i t h 
two f i n e l y - o v e r l a p p e d s c i n t i l l a t o r s as an event t r i g g e r . D r i f t time 
measurement was achieved using a T.A.C. and P.H.A. as i n the Durham 
t e s t s and the data a c q u i s i t i o n system i s shown i n f i g u r e 5.2, an event 
being s i g n i f i e d by .31, 32, 33, 3/f f o r example. Thus a beam as narrow 
as the overlap (a) of s c i n t i l l a t o r s S3 and 5k can be s e l e c t e d and i t 
i s t h i s value which i s the l i m i t i n g f a c t o r i n r e s o l u t i o n d e t e r m i n a t i o n , 
i n t h i s case mainly due t o the n o n - p a r a l l e l i s m of the s c i n t i l l a t o r 
edges. The s e t t i n g up and alignment of t h i s system has been documented 
i n d e t a i l (3) and i t was e v e n t u a l l y found t h a t a best r e s o l u t i o n of 
t 0.4 mm was p o s s i b l e . 
Such an arrangement i s , however, u s e f u l f o r measuring 
v a r i a t i o n i n r e s o l u t i o n w i t h energy, and i s i d e a l f o r e f f i c i e n c y and 
d r i f t v e l o c i t y measurements. 
5.3.2 System 2 
T h i s system comprised three p r o t o t y p e chambers mounted on a 
r i g i d baseplate and c a r e f u l l y a l i g n e d using a system of f i d u c i a l s and 
a t h e o d o l i t e . The alignment method, gas and e l e c t r i c a l supply systems 
are described elsewhere (^-), and the experimental arrangement i s 
shown i n f i g u r e 5-3. Note t h a t d i f f e r e n t high voltage supply values 
were i n v o l v e d , t h i s being due t o the d i f f e r e n t r e s i s t o r network 
c o n f i g u r a t i o n s of the v a r i o u s p r o t o t y p e s . However, r e s u l t a n t 
v a r i a t i o n s i n d r i f t v e l o c i t y were estimated t o be l e s s than 0.39/5 ( 4 ) . 
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The l e f t - r i g h t ambiguity was reduced by c a r e f u l telescope alignment. 
Figure 5.if shows the data a c q u i s i t i o n system used. Timing 
was achieved by a Lecroy quad T.D.C. u n i t i n CAKAC, s t a r t s being 
provided by a s c i n t i l l a t o r telescope (which a l s o provided an i n t e r r u p t 
s i g n a l t o i n i t i a l i s e the CAHAC) and stops by shaped d r i f t chamber 
pulses. Data a c q u i s i t i o n was c o n t r o l l e d by' a programme w r i t t e n i n 
CAT 11 language (a modified form of BASIC developed at Daresbury) and 
sto r e d i n a PDF 11 (4K) computer, the method of doing t h i s being set 
out i n f i g u r e 5.5. -Data blocks were t r a n s f e r r e d t o an IBM 1800 and 
then t o an IBM 370 computer where i n i t i a l o n l i n e a n a l y s i s was c a r r i e d 
out using a FORTRAN IV programme and storage onto magnetic tape 
achieved ( i | ) . 
The main o b j e c t i v e s of the t e s t s performed u s i n ^ t h i s system 
were t o determine the r e s o l u t i o n o f the chambers and t o observe 
q u a l i t a t i v e l y t h e i r o p e r a t i o n i n a magnetic f i e l d . Due t o a v a i l a b i l i t y 
of e l e c t r o n i c s , one c e l l i n each chamber was used. 
The magnetic f i e l d was provided by a C 13.5 electromagnet, 
manufactured by L i n t o t t Engineering Co. L t d . and was capable o f 
producing f i e l d s up t o 8 KGauss. A H a l l probe f i e l d map a t a c u r r e n t 
of 375 Amps i s shown i n f i g u r e 5-6 (a) and represented g r a p h i c a l l y 
i n f i g u r e 5.6 ( b ) . I t can thus be seen t h a t the connected sense wire 
of the chamber between the magnet pole pieces was i n a p o s i t i o n o f 
reasonably uniform f i e l d . , 
5.3.3 System 3 
The f i n a l system co n s i s t e d of fo u r p r o d u c t i o n model chambers, 
w i t h the aims of checking s p a t i a l r e s o l u t i o n s and performance o f a l l 
c e l l s before i n s t a l l a t i o n a t CERN. The mechanical support system was 
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b u i l t and the e l e c t r o n i c processing system was designed t o simulate 
as c l o s e l y as pos s i b l e the intended g - 2 d r i f t chamber system, and the 
l e f t - r i g h t ambiguity could be resolved i n t h i s case by staggering 
a l t e r n a t e chambers by a h a l f c e l l w i d t h . The data a c q u i s i t i o n was 
s i m i l a r t o t h a t of system 2 w i t h the f o l l o w i n g raodifications:-
3 2 channels o f Lecroy d i s c r i m i n a t o r and T.D.C. ( o c t a l u n i t s ) 
were connected. 
The a c q u i s i t i o n programme was w r i t t e n i n PAL 11 (a modified 
form of ASSEK3LEH) and st o r e d i n an 8K ?DP 11. 
Event blocks were l a r g e r and the system of w r i t i n g data t o 
magnetic tape was improved. 
5>.J>.k A d d i t i o n a l Remarks 
In a l l systems, chamber pulse a m p l i f i c a t i o n was achieved 
using Verv/eij-designed c i r c u i t s as p r e v i o u s l y mentioned and l o g i c 
processing was by means of E.G. and G. modular e l e c t r o n i c s . 
Timing u n i t s were c a l i b r a t e d using a system comprising a 
pulse generator, v a r i a b l e delays and a P.H.A. and, where a p p l i c a b l e , 
software c o r r e c t i o n s were a p p l i e d t o the data. C a r e f u l matching of 
cable l e n g t h s was ensured f o r a l l systems. The gas was, i n a l l cases, 
premixed Argon ( 9 0 ) Methane ( 1 0 ) mixture w i t h flow through the chambers 
i n a p a r a l l e l sense, as i n d i c a t e d i n f i g u r e 5 . 3 f o r example. 
For systems 2 and 3 the a p p l i e d d r i f t f i e l d was kept a t 
~ 6 0 0 Vcm"1 
5.4 Experimental Proce dure and A n a l y s i s 
For system 1, d r i f t time d i s t r i b u t i o n s were obtained on a 
P.H.A. as i n chapter 4 and data was t r a n s f e r r e d t o a t e l e t y p e f o r 
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hand a n a l y s i s . Various e f f i c i e n c y measurements were recorded using a 
1 . 0 yUs gate provided by the T.A.C., an e f f i c i e n c y being determined 
from the r a t i o s c a l a r 2 reading : s c a l a r 1 reading i n f i g u r e 5 - 2 . 
These are discussed s h o r t l y . 
For systems 2 and 3 , d i g i t i z e d d r i f t times were s t o r e d on 
magnetic tape f o r v a r i o u s c o n f i g u r a t i o n s of geometrical p o s i t i o n i n g , 
p o s i t r o n energy and values of e l e c t r i c and magnetic f i e l d s . Run 
length s were t y p i c a l l y o f si z e 8 , 0 0 0 events f o r system 2 and 3 0 , 0 0 0 
events f o r system 3 and, a f t e r c o n s i d e r a t i o n of v a r i o u s i n e f f i c i e n c i e s , 
some 2 m i l l i o n p o s i t r o n t r a c k s were c o l l e c t e d i n t h i s manner. Again, 
chamber e f f i c i e n c i e s could e a s i l y be monitored. 
F i n a l data a n a l y s i s was c a r r i e d out on the Daresbury IBM 
3 7 0 and the Durham IBM 3 6 0 computers using programmes w r i t t e n i n FORTRAN IV. 
5 . 5 Experimental Results 
5 . 5 » 1 E f f i c i e n c y Measurements 
Using system 1 , the r a t i o S 3 , Sk, C : S3, y i e l d s an 
approximation of chamber e f f i c i e n c y and, i n t h i s way, the e f f i c i e n c y 
versus H.T. voltage a p p l i e d t o the chamber was i n v e s t i g a t e d . Figure 
5 . 7 shows t h i s v a r i a t i o n f o r several values o f f i n a l r e s i s t a n c e (H-g) 
t o e a r t h i n the proto t y p e r e s i s t o r chain described p r e v i o u s l y . High 
e f f i c i e n c y i s obtained a t a lov/er V.,T-T value as the d r i f t f i e l d i s 
HIN 
increased (R^-value decreased), t h i s being i n accordance w i t h the 
pulse height curves of f i g u r e k-2. These measurements were made f o r a 
s c i n t i l l a t o r overlap of 1 0 mm and a beam energy o f 6 0 0 MeV. 
Mote t h a t the p l a t e a u l e v e l i s ~ 8 5 % . The reason t h i s i s 
not 100% i s c l e a r l y shown i n f i g u r e 5 . 8 , where e f f i c i e n c y i s p l o t t e d 
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against o v e r l a p , a, f o r d i f f e r e n t telescope systems. Noise pulses,, 
s c a t t e r e d p a r t i c l e s and showers can l e a d t o random t r i g g e r s , these 
e f f e c t s being reduced by a s t r i n g e n t telescope system. For events 
t r i g g e r e d by S I , S2, S3, Sk, S5 (where S5 was a s c i n t i l l a t o r placed 
downstream of Sk) e f f i c i e n c i e s of >99«5/^ were recorded (R„ = 30 H i ) , . 
VMIN = 1 * Z f 0 ^ K V ^ * T h e e f f i c i e n c y f a l l - o f f at low values of a can be 
a t t r i b u t e d t o the g r e a t e r s i g n i f i c a n c e of f a l s e s t a r t s a t low event 
r a t e s . 
Figure 5-9 shows the r e s u l t s of scanning a 2 mm overlap 
across the centre of a c e l l and measuring e f f i c i e n c y at 2 mm i n t e r v a l s 
The e f f i c i e n c y s t a r t s t o f a l l at 6 mm on e i t h e r side of the sense, 
wire and reaches a minimum, of value 3«5^ below the p l a t e a u , a t the 
wire . This w i l l be due mainly t o the decrease i n output pulse height 
towards the sense wire as already explained i n chapter k, thus causing 
an increase i n the s t a t i s t i c a l number of pulses f a i l i n g t o cross the 
d i s c r i m i n a t o r t h r e s h o l d . The e f f e c t w i l l be enhanced by the f i n i t e 
w idth of the overlap. Note t h a t the p l a t e a u value i s only 99:-1 because 
of the small o v e r l a p w i d t h i n t h i s case (see f i g u r e 5.8). T h i s 
e f f i c i e n c y d i p i s small enough not t o a f f e c t s e r i o u s l y the chamber 
performance. 
E f f i c i e n c i e s were monitored by a programme du r i n g runs 
w i t h systems 2 and 3 and were found t o be mostly y 90 % , a l s o , 
e f f i c i e n c y decreases were observed w i t h i n c r e a s i n g event r a t e . T his 
has been found by other workers ( 5 f 6) and i s another pulse height 
decrease e f f e c t , t h i s time due t o p o s i t i v e i o n b u i l d up and subsequent 
avalanche p a r a l y s i s . As the event r a t e s i n the g-2 experiment w i l l be 
extremely low, such e f f e c t s are not discussed i n d e t a i l i n t h i s t h e s i s 
Note t h a t the previous two i n e f f i c i e n c y e f f e c t s are 
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i n d i r e c t l y s e n s i t i v e t o pulse d i s c r i m i n a t i o n l e v e l and hence can be 
minimised by i n c r e a s i n g a m p l i f i e r s i g n a l t o noise r a t i o thus a l l o w i n g 
lower t h r e s h o l d s t o be s e t . 
5-5.2 D r i f t V e l o c i t y Measurements 
There are several ways of measuring d r i f t v e l o c i t y using a 
high energy p a r t i c l e beara:-
The e a s i e s t , but crudest method i s t o a l l o w t r i g g e r i n g 
p a r t i c l e s t o pass through the whole of a chamber c e l l , thus b u i l d i n g 
up a square-edged time d i s t r i b u t i o n (as observed p r e v i o u s l y using 
cosmic rays) of which the width represents the maximum d r i f t time. 
Hence a d i r e c t t r a n s f o r m a t i o n t o d r i f t v e l o c i t y can be made i f 
l i n e a r i t y i s assumed. This i s the method which i n f a c t w i l l be used 
f o r f i n a l c a l i b r a t i o n i n the muon storage r i n g . 
A s i m i l a r method t o the l a b o r a t o r y technique described i n 
chapter 4 can e a s i l y be a p p l i e d using the overlapping s c i n t i l l a t o r 
system. Figure 5 . 1 0 shows the t i m i n g d i s t r i b u t i o n s obtained f o r 
v a r i o u s distances irom the sense wire of the centre of a 0 . 2 5 niai 
o verlap. Clear peaks of F.iV.H.M. o~> 3 5 ns are observed w i t h a noise 
t a b l e o f width ( 4 4 0 t 3 0 ) n s r e p r e s e n t i n g i n t h i s case the maximum 
d r i f t time, t h a t i s t o say, a d r i f t v e l o c i t y o f ( 3 1 - 3)mai/*s~\ T h i s 
r e s u l t was achieved w i t h a d r i f t f i e l d o f 7 5 6 V cm-"'" f o r which 
previous c a l i b r a t i o n has y i e l d e d a d r i f t v e l o c i t y o f ( 3 3 . 0 ± 0.5)mm 
Figure 5 . H shows the space-time c h a r a c t e r i s t i c obtained by 
scanning a 2 mm overlap between a sense wire and c e l l boundary when 
the d r i f t f i e l d was as above. The g r a d i e n t y i e l d s a d r i f t v e l o c i t y 
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laboratory-determined value. 
Returning t o the f i r s t idea of measuring c u t o f f edges i n 
t i m i n g s pectra, the overlapping s c i n t i l l a t o r system provides another 
convenient method of d r i f t v e l o c i t y measurement; t h a t i s , t o vary the 
overlap w i d t h and measure the observed time spectrum w i d t h . Examples 
of such d i s t r i b u t i o n s are shown i n f i g u r e 5 . 1 2 and the estimated 
widths are p l o t t e d i n f i g u r e 5 . 1 3 . The l i n e represents the values 
p r e d i c t e d from a previous knowledge of d r i f t v e l o c i t y , again showing 
the r e p r o d u c i b i l i t y of such r e s u l t s . 
The maximum d r i f t time can be measured using t h r e e , e q u a l l y 
separated chambers a l t e r n a t e l y staggered by a h a l f c e l l w i d t h as shown 
i n f i g u r e 5 . 1 ^ . This q u a n t i t y (T) given by :-
T •= W 1 + T- + 2 T 2 ) / 2 ( 5 . 1 ) 
was histogrammed and produced a d i s t r i b u t i o n of F'.VHM 3 0 ns of 
data l y i n g between ± 1 7 . 5 ns) and peaking at ( 3 7 3 — 2 5 ) n s (the e r r o r 
also t a k i n g i n t o account p h o t o m u l t i p l i e r delay) as observed i n f i g u r e 
5 . 1 5 . Thus, an estimate of d r i f t v e l o c i t y of ( 3 7 . 5 ± 2.5)mm /Ss~^~ was 
y i e l d e d , t o be compared w i t h a previous value of ( 3 5 . 5 1 0 . 5 ) a t t h i s 
p a r t i c u l a r f i e l d . 
Figure 5 . 1 6 shows the method employed by Charpak et a l . ( 5 ) 
t o measure d r i f t v e l o c i t y f o r v a r i o u s e l e c t r i c and magnetic f i e l d 
c o n f i g u r a t i o n s . T h i s method i n v o l v e s e l e c t r o n i c a l l y s e l e c t i n g , using 
d r i f t chambers, tv/o narrow, p a r a l l e l beams, and passing these through 
the centre of the d r i f t space of a chamber undergoing t e s t . D r i f t 
times from the l a t t e r appear as two d i s t i n c t d i s t r i b u t i o n s , the 
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5.5-3 Resolution Measurements 
As already i n d i c a t e d , system 1 i s l i m i t e d i n r e s o l u t i o n 
measurement, yet i s u s e f u l f o r i n v e s t i g a t i n g v a r i a t i o n s i n t h i s 
q u a n t i t y w i t h , f o r example, beam energy, as shown i n f i g u r e 5.17. Here 
the F.Y/.K.M. of d r i f t time histograms, obtained w i t h a 0.25 mra overla p , 
are p l o t t e d as a f u n c t i o n of p o s i t r o n energy. The Coulomb s c a t t e r i n g 
of p o s i t r o n s (from s c i n t i l l a t o r s , a i r molecules e t c . ) causes a 
d i s p e r s i o n i n the t i m i n g d i s t r i b u t i o n s a t energies below 800 MeV i n 
t h i s case; above t h i s l e v e l the e f f e c t becomes minimal. ( I t must also 
be noted t h a t at energies below 1 GeV, the t e s t beam i s not as "clean" 
as f o r higher energies.) The l i n e i s an eye f i t t o the data and 
f o l l o w s something l i k e the expected ( e n e r g y ) " 1 v a r i a t i o n . Such r e s u l t s 
i n d i c a t e t h a t f o r p r e c i s e r e s o l u t i o n measurement, the working energy 
range i s y 1 GeV. T h i s f i g u r e can also be taken as a u s e f u l guide t o 
a s u i t a b l e energy t h r e s h o l d r e q u i r e d f o r the chambers during the g-2 
run. 
To measure, w i t h p r e c i s i o n , the r e s o l u t i o n of d r i f t chambers, 
th r e e or more chambers are r e q u i r e d . One method i s t o determine, 
using t h r e e chambers, the time d e v i a t i o n s (assumed equal) of each of 
the " h i t p o s i t i o n s " from the best s t r a i g h t l i n e ; t h i s method i s 
i l l u s t r a t e d i n f i g u r e 5.18. The geometry y i e l d s a value f o r d e v i a t i o n 
( A ^ Acos<9) of :-
A = t 2 - t 3 ^ r ( t 3 - t x ) (5.2) 
2 2(r + l ) 
v/here r i s defined as the r a t i o 1^/1^ and t ^ , t ^ , t ^ are the measured 
d r i f t times. 
FIG 5.17 RESOLUTION IN DRIFT CHAMBER VS BEAM ENERGY. (SYSTEM 1) 
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Figure 5-19 shows a t y p i c a l d e v i a t i o n histogram obtained i n 
the above manner using system 2 w i t h a d r i f t f i e l d o f ^  600 V cm-"1". 
The s h i f t of the peak from the o r i g i n was a t t r i b u t e d t o s l i g h t wire 
misalignment f o r t h i s p a r t i c u l a r run, and peaks could be s h i f t e d i n a 
p r e d i c t a b l e way by a d d i t i o n o f known-value delay cables ( i f ) . The 
d i f f e r e n c e between the d i s t r i b u t i o n c o n s t r u c t e d from raw data and t h a t 
c o r r e c t e d f o r T.D.G. e r r o r s i s also i n d i c a t e d . At t h i s stage, a 
F.V/.H.M. of ~ 13.5 ns suggests a good s p a t i a l r e s o l u t i o n o f between 
0.1 and 0.2 mm. 
Dev i a t i o n histograms were obtained f o r v a r i o u s beam energies 
up t o 2.0 GeV and are presented i n f i g u r e 5.20. To compare these 
d i s t r i b u t i o n s , the histograms were broken down i n t o the amounts o f 
data l y i n g between c e r t a i n r e s o l u t i o n s ; t h i s a n a l y s i s i s shown i n 
f i g u r e 5.21. Figure (a) i n d i c a t e s c l e a r l y the e f f e c t o f energy change 
on the histograms, and shows, f o r i n s t a n c e , t h a t f o r a s u f f i c i e n t l y 
high energy (2 GeV) approximately 9 Ova of the data i s contained w i t h i n 
t 7 ns ( t h a t i s ~10.25 mm). From the l i n e s A, B and C ( r e p r e s e n t i n g 
r e s o l u t i o n s of i 0.1, £0.2 and i 0.3 Mm r e s p e c t i v e l y ) , f i g u r e (b) 
showing the amount of data l y i n g w i t h i n a given s p a t i a l r e s o l u t i o n , 
versus energy, was derived. Once again, the m u l t i p l e s c a t t e r i n g f a c t o r 
causes a s i g n i f i c a n t d e p r e c i a t i o n i n r e s o l u t i o n below 1 GeV. I n the 
best cases, over 60% of data l i e w i t h i n i O . l mm. 
' Using the same technique, a systematic check on a l l c e l l 
channels was c a r r i e d out f o r three a l i g n e d p r o d u c t i o n model chambers 
and s a t i s f a c t o r y d e v i a t i o n histograms were obtained throughout. 
Using f o u r a l t e r n a t e l y staggered chambers as i l l u s t r a t e d i n 
f i g u r e 5.22, and i n s e r t i n g a value f o r d r i f t v e l o c i t y , a l e a s t squares 
f i t t o a s t r a i g h t l i n e was a p p l i e d t o the data. Thus the s p a t i a l 
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d e v i a t i o n s S^, S^t and S^, between the experimental and 
t h e o r e t i c a l h i t p o i n t s , f o r each chamber were c a l c u l a t e d and used t o 
determine a value of standard d e v i a t i o n (3) using the formula:-
r . A n n = l 
(5.3) 
Figure 5.23 shows the r e s u l t s of processing one run i n t h i s 
way. The i n d i v i d u a l chamber d e v i a t i o n d i s t r i b u t i o n s are seen t o be 
o f f centre due t o mechanical system misalignment and y i e l d a standard 
d e v i a t i o n histogram peaking at ~0.9 ram. By i n s e r t i n g r e l e v a n t 
software adjustments, the peaks were c e n t r a l i s e d , a process which 
a u t o m a t i c a l l y improved the q u a l i t y of the i n d i v i d u a l d e v i a t i o n 
d i s t r i b u t i o n s and reduced the standard d e v i a t i o n peak p o s i t i o n t o 
0.15 rata ( f i g u r e 5.2^). Such a technique stresses the need of c a r e f u l 
chamber alignment and surveying i n the a c t u a l g-2 system. 
Figure 5.25 shows the r e s u l t s of a p p l y i n g the same method 
t o a run i n which two curved end h a l f - c e l l s (as i n d i c a t e d i n f i g u r e 
5.22) were i n c l u d e d . The standard d e v i a t i o n d i s t r i b u t i o n i n t h i s case 
peaks at 0.3 rami a r e s u l t which i s encouraging i n view of the e l e c t r i c 
f i e l d d i s t o r t i o n i n the curved end r e g i o n . 
5.5A Operation and Resolution i n a Magnetic F i e l d 
The s t r a i g h t l i n e f i t method i l l u s t r a t e d i n f i g u r e 5-18 was 
used t o make a q u a l i t a t i v e i n v e s t i g a t i o n of the behaviour of one d r i f t 
chamber (C of f i g u r e 5.3) i n a magnetic f i e l d . T h is method i s v a l i d 
f o r a monochromatic beam and uniform magnetic f i e l d as the d e f l e c t i o n 
of a l l p a r t i c l e s w i l l be the same. Such a n a l y s i s produces two peaks 
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as seen i n f i g u r e p.28 where the e f f e c t of v a r y i n g the distance 
(movement i n the same d i r e c t i o n as the d r i f t planes) of the o v e r l a p p i n 
s c i n t i l l a t o r s from a f i x e d p o s i t i o n (A) i s shown. The two peaks are 
due t o the d e f l e c t i o n o f p o s i t r o n s t o e i t h e r side of the sense w i r e , 
t h e i r s p a t i a l separation r e p r e s e n t i n g t w i c e the d e f l e c t i o n . The 
v a r y i n g height o f the r e s p e c t i v e peaks i n f i g u r e 5.26 i s due t o the 
d i f f e r e n t r a t i o o f p a r t i c l e s being c o l l e c t e d , and f o r i n v e s t i g a t i o n o f 
r e s o l u t i o n , the telescope can be p o s i t i o n e d so as t o predominantly 
s e l e c t one peak. These r e s u l t s were taken f o r a magnetic f i e l d (B) of 
7.5 KGauss, a compensating e l e c t r i c f i e l d t i l t of 2 H.T. wire spacings 
and a beam energy of 2.0 GeV. Already a F.V/.H.M. comparable t o the 
B = 0 case i s observable. 
Figure 5.27 shows three d e v i a t i o n histograms obtained under 
the above c o n d i t i o n s but f o r d i f f e r e n t beam energies. Here any change 
i n peak separation i s due e n t i r e l y t o d i f f e r e n t p a r t i c l e d e f l e c t i o n s . 
Separations of (25, 21 and 19 ± i+)ns f o r 2, 3-5 and 1+ GeV r e s p e c t i v e l y 
i n d i c a t e the c o r r e c t order of d e f l e c t i o n as determined by c l a s s i c a l 
equations. 
Figure 5*28 shows the e f f e c t of v a r y i n g magnetic f i e l d at 
an energy of 2.0 GeV and w i t h s u i t a b l e telescope p o s i t i o n i n g . As the 
t h r e e runs f o r these r e s u l t s were consecutive, any change i n peak 
p o s i t i o n i s due t o d i f f e r e n t p a r t i c l e d e f l e c t i o n s and also any change 
i n d r i f t v e l o c i t y w i t h magnetic f i e l d . As these two e f f e c t s act i n 
the same sense, t h a t i s , d r i f t v e l o c i t y g e n e r a l l y decreases as B 
increases, thus extending d r i f t times i n a s i m i l a r manner t o 
i n c r e a s i n g the d e f l e c t i o n , the small peak movement observed (up t o 
3 ns) i n d i c a t e s t h a t d r i f t v e l o c i t y f l u c t u a t i o n s w i t h magnetic f i e l d 
are small f o r t h i s p a r t i c u l a r e l e c t r i c f i e l d value (600 V cm-''" i n the 
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d r i f t p l a n e ) . T h i s w i l l be v e r i f i e d i n the next chapter. Also from 
t h i s f i g u r e i t i s evident t h a t the d i s t r i b u t i o n width narrows as 
7 . 5 K.Gauss i s approached, showing a " 2 - t i l t 1 " compensation t o be 
c o r r e c t f o r t h i s f i e l d value. The very s l i g h t d e t e r i o r a t i o n of 
r e s o l u t i o n as magnetic f i e l d i s reduced can be a t t r i b u t e d t o the more 
diverse flow l i n e s f o l l o w e d by d r i f t i n g e l e c t r o n s . 
Continuing the i n v e s t i g a t i o n of c o r r e c t compensation f o r 
magnetic f i e l d , f i g u r e 5 . 2 9 shows the d e v i a t i o n histograms obtained 
f o r v a r i o u s e l e c t r i c f i e l d t i l t s i n a 7 . 5 KGauss magnetic f i e l d 
using 2 GeV p a r t i c l e s . As t i l t s f u r t h e r away from the best e s t i m a t i o n 
of 2 H.T. wire spacings were encountered, a s l i g h t widening of the 
histograms was observed. However, even when compensating i n the wrong 
d i r e c t i o n ( t i l t of - 1 ) a good h i s t o g r a m . i s produced as seen i n f i g u r e 
5 . 2 9 ( d ) . 
Another i n t e r e s t i n g e f f e c t forthcoming from these r e s u l t s 
i s the r e d u c t i o n i n peak d e v i a t i o n as the compensation becomes c l o s e r 
t o the c o r r e c t value. T h i s e f f e c t i s due t o the increase i n d r i f t 
l e n g t h s produced by i n c o r r e c t compensation, p a r t i c u l a r l y a t low 
e l e c t r i c f i e l d s (a f u l l d i scussion i s presented i n chapter 6 ) , plus a 
email c o n t r i b u t i o n from the increase i n d r i f t v e l o c i t y w i t h e l e c t r i c 
f i e l d at t h i s p a r t i c u l a r magnetic f i e l d (see f i g u r e 6 . 3 ) . 
I n c o n c l u s i o n , f o r magnetic f i e l d s up t o 7 . 5 KGauss, 
F.W.H.M's of d e v i a t i o n d i s t r i b u t i o n s i n the range 6 t o 1 1 ns have 
been obtained, meaning a s p a t i a l r e s o l u t i o n of b e t t e r than £ 0 . 3 mm i n 
a l l cases. I t must, however, be remembered t h a t only one chamber was 
p o s i t i o n e d i n the magnetic f i e l d t o y i e l d these r e s u l t s . 
5 . 5 . 5 F i n a l Comments on Resolution 
To s t a t e e x a c t l y a f i g u r e f o r r e s o l u t i o n i s d i f f i c u l t ; 
FIG.5-29 Dev ia t ion H i s tog rams , y 
Jn a Magnet ic Field 
of 7-5 K Gauss. 
(E lec t r i c Field 
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however, estimates can be made i n the f o l l o w i n g ways (the e r r o r s 
o c c u r r i n g due t o judgement and b i n n i n g t e c h n i q u e s ) : -
Method 
Resolution ( + mm) 




Normal C e l l 
I n Mag. F i e l d 
FY/HM of Three-
Point D e v i a t i o n 
Histogram 
0 . 1 2 ± 0 . 0 3 0 . 3 £ 0 . 1 0 . 2 5 i 0 . 0 3 0 . 1 2 t 0 . 0 3 
Section of above 
D i s t r i b u t i o n 
Containing 68:^  
of Data 
0 . 1 1 i 0 . 0 3 0 . 2 5 - 0 . 0 3 0 . 2 1 i 0 . 0 3 0 . 1 3 £ 0 . 0 3 
FY/HM of Best 
De v i a t i o n H i s t o -
grams Obtained by 
Least Squares Methc 
0 . 1 7 5 ± 0 . 0 3 
>d 
0 . 2 5 i 0 . 0 3 
Section of above 
D i s t r i b u t i o n 
Containing 63% 
of Data 
0 . 1 7 5 ± 0 . 0 3 
• 
0.i+25 ± 0 . 0 3 
Peak P o s i t i o n o f 
Least Squares 
Standard D e v i a t i o n 
D i s t r i b u t i o n 
0 . 1 5 ± 0 . 0 5 0 . 3 - 0 . 0 5 
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KB 1 63."i of data u s u a l l y defines t o n e standard d e v i a t i o n f o r a 
normal d i s t r i b u t i o n . 
MB 2 The p r o d u c t i o n curved end f i g u r e s are improved by the f a c t 
t h a t normal h a l f - c e l l s w i l l a l s o c o n t r i b u t e t o the r e s u l t s 
f o r these runs. S i m i l a r l y , the measurement system reduces any 
d e t e r i o r a t i o n of d e v i a t i o n histograms f o r magnetic f i e l d runs 
Figure 5 . 3 0 shows a comparison between v a r i o u s runs i n the 
form of a breakdown of the t h r e e - p o i n t d e v i a t i o n histogram as i n 
f i g u r e 5 . 2 1 ( a ) , one peak being s e l e c t e d f o r magnetic f i e l d cases. 
F i n a l l y , on observing d e v i a t i o n histograms f o r v a r i o u s t i m e -
windows i n the c e n t r a l of t h r e e chambers ( t h a t i s t o say f o r v a r i o u s 
p a r t s of the c e l l ) , no appreciable d e t e r i o r a t i o n was apparent ( i f ) . 
5 . 5 . 6 Beam P r o f i l e Measurements 
Figure 5 . 3 1 ( ( a ) t o ( d ) ) shows the beam p r o f i l e observed 
at each of the f o u r chambers arranged as i n f i g u r e 5 . 2 2 w i t h equal 
spacings of 76 mm between them. For each t r a c k , a s t r a i g h t l i n e was 
f i t t e d t o the t h r e e downstream chambers (geometry as i n f i g u r e 5.13) 
and p r o j e c t e d upstream t o p r e d i c t the h i t p o i n t at the f i r s t chamber. 
Thus a p r e d i c t e d beam p r o f i l e at t h i s chamber could be constructe d 
( f i g u r e 5 * 3 1 ( e ) ) comparing favourably w i t h t h a t d i r e c t l y observed. 
Figure 5 . 3 1 ( f ) shows the d i s t r i b u t i o n of d i f f e r e n c e s between the 
observed and p r e d i c t e d p o i n t s and has a F.V/.H.M. of 1 . 5 mm agreeing 
w i t h the e r r o r magnitude of ± 0 . 5 rua obtained by leverage i n such-a 
r e c o n s t r u c t i o n . 
The r e c o n s t r u c t i o n was also done f o r an increased distance 
( 5 5 5 sira) between chambers 1 and 2 , and the observed and p r e d i c t e d 
p r o f i l e s are shown i n f i g u r e 5 « 3 2 . This time the e r r o r d i s t r i b u t i o n 
FIG 5.30 Amount of data w i t h i n g iven reso lu t ion -
c o m p a r i s o n of var ious exper imen ta l cond i t i ons . 
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has a F.W.H.M. of 7 mm which i s higher than the expected 12. mra f o r 
t h i s geometry. 
On co n s i d e r i n g leverage, p r o f i l e r e c o n s t r u c t i o n w i l l 
c e r t a i n l y be more accurate f o r c i r c u l a r and p a r a b o l i c f i t s as w i l l be 
the requirements o f the g - 2 system. 
5 . 5 . 7 Other Measurements 
For l i n e a r t r a c k r e c o n s t r u c t i o n using three p o i n t s ( f i g u r e 
5 . 1 8 ) , the angle ( ( 9 ) i s given by:-
tan<9 = ( t 3 - t 1 ) ^ V D ( 5 . ^ ) 
d x + 1 2 ) 
where i s the r e l e v a n t d r i f t v e l o c i t y . 
On p l o t t i n g the d i s t r i b u t i o n s of obtained f o r v a r i o u s 
energies as i n f i g u r e 5 . 3 3 , the d e s i r e a b i l i t y o f working at energies 
above 1 GeV i s again apparent as spread i n the d i s t r i b u t i o n s due t o 
Coulomb s c a t t e r i n g occurs below t h i s value. The angular acceptance of 
the system f o r these r e s u l t s was ± 1 ° and most d i s t r i b u t i o n s l i e w e l l 
w i t h i n t h i s range, the angular d i s p e r s i o n o f the beam at high energies 
being 0 . 2 ° ?.'//.H.M. 
An i n v e s t i g a t i o n was made of the showering e f f e c t of 
m a t e r i a l placed i n the beam as t h i s would i n d i c a t e any such d i f f i c u l t y 
t o be expected during a g - 2 run. 
By observing the frequency o f h i t s on each c e l l of an a r r a y 
of f o u r d r i f t chambers, the shower shapes could be observed f o r 
FIG. 5.3,3 Angular D is t ibu t ions For Di f ferent Ensrgies.( Binwiclth of ) 
400-
d) 1-5 GeV a) 0-2 GeV 
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v a r i o u s thicknesses of l e a d placed on the downstream side of chamber 1 
at a distance o f - ^ 5 5 0 mm from chamber 2 . These r e s u l t s were t a k e n ' f o r 
a beam energy of 2 GeV and are represented i n f i g u r e 5.3A- where i t can 
be seen t h a t d i s t i n c t showers are formed a f t e r the i n s e r t i o n of a few 
mm of lead. 
For 2 GeV e l e c t r o n s emerging from the centre of the g - 2 
2 
storage tank i t was c a l c u l a t e d t h a t t y p i c a l l y 2 g cm" of m a t e r i a l 
would be t r a v e r s e d on con s i d e r i n g the 0 . 8 mm t h i c k T i t a n i u m w a l l and 
p 
5 S c m ~ f o r the 3 aira Aluminium w a l l . The purpose of t h i s b r i e f 
i n v e s t i g a t i o n was s o l e l y t o provide a crude estimate of the 
d i f f e r e n c e s t o be expected f o r the d i f f e r e n t w a l l thicknesses t o be 
encountered i n e a r l y g - 2 runs, and, i n t h i s respect, f i g u r e 5 « 3 ^ 
i n d i c a t e s t h a t the Aluminium w a l l should produce s i g n i f i c a n t l y more 
showering and" s c a t t e r i n g of e l e c t r o n s than the t h i n w a l l . 
5 . 6 Conclusion 
The g - 2 d r i f t chambers have been s u c c e s s f u l l y operated i n 
the Daresbury t e s t beam w i t h e q u a l l y good performance of pr o t o t y p e 
and p r o d u c t i o n models. E f f i c i e n c i e s of almost 1 0 0 % have been obtained 
and previous l a b o r a t o r y measurements of d r i f t v e l o c i t y i n Argon-
Methane have been s a t i s f a c t o r i l y reproduced by several methods. 
System r e s o l u t i o n s of the order 0 . 1 t o 0 . 2 mm have been 
observed w i t h no serious d e t e r i o r a t i o n i n a 7 . 5 KGauss magnetic f i e l d 
( p r o v i d i n g c o r r e c t e l e c t r i c f i e l d compensation i s a p p l i e d ) and only a 
f a c t o r of 2 or 3 worse f o r curved end regions. 
The encouraging r e s u l t s obtained on d r i f t v e l o c i t i e s , 
r e s o l u t i o n s and e f f i c i e n c i e s (even i n the presence of magnetic f i e l d s 
and i n c o r r e c t e l e c t r i c f i e l d compensation) can be a t t r i b u t e d t o the 
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small d r i f t distances ( $ 1^ - mm) i n question. For l a r g e r distances, 
serious problems would occur i n these respects, i n p a r t i c u l a r 
concerning e f f i c i e n c y i n magnetic f i e l d s . 
A working energy t h r e s h o l d l e v e l of 1 GeV has been shown 
be s u i t a b l e f o r the g - 2 a r r a y and the po s s i b l e b e n e f i t s of the t h i n 
w a l l s e c t i o n of the g - 2 muon storage tank have been i l l u s t r a t e d . 
-89-
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CHAPTER 6 
THE OPERATION OF DRIFT CHAMBERS IN MAGNETIC FIELDS 
6.1 T h e o r e t i c a l Considerations of D r i f t Chambers i n Magnetic F i e l d s 
6.1.1 Basic Considerations 
I t i s a commonly known f a c t t h a t the motion of d r i f t i n g 
e l e c t r o n s w i l l be affe c t e d - b y a strong e x t e r n a l magnetic f i e l d . T h i s 
e f f e c t i s of maximum importance t o d r i f t chambers f o r a component of 
the f i e l d (3) p a r a l l e l t o the wire d i r e c t i o n , i n which case, the 
el e c t r o n s tend t o be swept away from the sense wire plane and p o s s i b l y 
completely out of the chamber. Thus, t h i s g eometrical motion alone 
w i l l a f f e c t d r a s t i c a l l y the observed d r i f t times and e f f i c i e n c y of the 
device. ( I t w i l l be- seen l a t e r i n t h i s chapter t h a t the presence of a 
magnetic f i e l d a l s o a f f e c t s the a c t u a l d r i f t v e l o c i t y ) . 
A neat method of c o r r e c t i n g such an undesireable e l e c t r o n 
motion has been r e a l i s e d by Charpak et a l . ( 1 ) ; t h a t i s , t o t i l t the 
e q u i p o t e n t i a l l i n e s i n the chamber by the amount necessary t o balance 
the e l e c t r i c f i e l d and Lorenz forces i n such a way as t o produce a 
r e s u l t a n t e l e c t r o n motion i n the sense wire plane. The c o r r e c t angle 
of e l e c t r i c f i e l d t i l t i s given by:-
- 9 1 -
CL arc tan / B\V (6.1) 
where c< i s shown i n f i g u r e 6 . 1 , V/ i s the d r i f t v e l o c i t y and E Q i s the 
e l e c t r i c f i e l d towards the sense w i r e . Such a c o n f i g u r a t i o n i s e a s i l y 
achieved i n a chamber of the Charpak design (as i n the g--2 chamber 
case). 
Having described a basic magnetic f i e l d compensation 
mechanism, i t i s now necessary to discuss the e f f e c t o f such crossed 
f i e l d s on the d r i f t v e l o c i t y and angle of the e l e c t r o n s . As i n the 
case where B = 0, i t i s the c o l l i s i o n processes which are i m p o r t a n t , 
and, t o t h i s end, the c l a s s i c a l theory of e l e c t r o n motion i n such an 
environment has been considered by P a l l a d i n o and Sadoulet (2 , 3 ) . A 
simpler theory has been presented i n the e a r l y work of Townsend 
and s u c e s s f u l l y a p p l i e d t o the ex p l a n a t i o n o f recent r e s u l t s by 
Charpak et a l . ( 5 ) . The purpose of t h i s chapter i s e s s e n t i a l l y t o 
apply t h i s theory t o the Argon-Methane gas used i n the g-2 chambers, 
and t o develop a simple model which takes i n t o c o n s i d e r a t i o n a non-
u n i f o r m magnetic f i e l d of f l u x up t o 15 KGauss. 
6.1.2 C l a s s i c a l Theory of E l e c t r o n D r i f t 
For e l e c t r o n s i n an e l e c t r i c f i e l d and no e x t e r n a l magnetic 
f i e l d , the d r i f t v e l o c i t y can reasonably be expressed as:-
V.'o= k eE r (6 .2) 
m 
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FIG 6.1 Method of Compensating for a Magnetic 'Field 
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X (E,B) = X (E,B = 0 ) ) , and k i s a constant derived from some assumed 
.v e l o c i t y d i s t r i b u t i o n o f the swarm; a value of k = 0.75 as p e r t a i n i n g 
t o the Maxwellian d i s t r i b u t i o n (6) w i l l be used i n the model, as good 
f i t s have been obtained by other workers (5) w i t h t h i s value. 
I n the presence of a magnetic f l u x , 3, the d r i f t v e l o c i t y 
becomes ( i f ) : -
WB-= k E (6.3) 
B Jl+CJ2^ 
where CJ - eB/rn, the Larmor frequency of e l e c t r o n s . Hence i t can be 
seen t h a t the m o d i f i c a t i o n of d r i f t v e l o c i t y due t o the i n t r o d u c t i o n 
o f a magnetic f i e l d i s given by:-
W B = W0 1 + / BW 
kS 
21-4 (6 . ^ ) 
The angle of d r i f t of e l e c t r o n s i n orthogonal magnetic and 
e l e c t r i c f i e l d s i s given by:-
(9(S,B) = arctan(£Jt) (6 .5) 
a r e s u l t which has been ex p e r i m e n t a l l y v e r i f i e d by Charpak (5) using' 
a s p e c i a l d r i f t chamber. On considering t h i s expression, i n s p e c t i o n 
o f equation 6.3 now y i e l d s : -




For d r i f t charabers w i t h a d j u s t a b l e e l e c t r i c f i e l d s , one 
f u r t h e r important c o n s i d e r a t i o n i s t h a t o n l y d i s c r e t e angles o f t i l t 
( ) may be r e a l i s e d ; i n the g-2 chambers these being 18.4° , 33 .7° , 
/f5° and 53.1°i corresponding t o r e l a t i v e displacement of voltages on 
opposite H.T. planes of ± 1 , ± 2, 1.3 and — 4 wire spacings r e s p e c t i v e l 
Hence, f o r given S and B values, i t may be t h a t ©(the c o r r e c t angle 
f o r d r i f t t o be i n the sense wire plane) cannot p o s s i b l y be reproduced 
e x a c t l y , thus causing the i n i t i a l d r i f t d i r e c t i o n t o be at a s l i g h t 
angle t o the normal d r i f t plane. Because of t h i s , the measured d r i f t 
v e l o c i t y ( d e r i v e d from the time taken t o cover a known distance) w i l l 
be observed as:-
W/y = WB COB(/.- <9) (6.7) 
Notice t h a t the value of Q i s s i m i l a r t o the p r e v i o u s l y 
expressed angle, Qt, (equation 6 .1 ) , but i n f a c t represents a b e t t e r 
model. I t must also be mentioned t h a t E i n the above expressions 
r e f e r s t o the e l e c t r i c f i e l d orthogonal t o the l i n e s o f force and i s 
of value E /cos X• o " 
6.1.3 A p p l i c a t i o n o f the Theory t o Experimental Results 
A complete set of d r i f t v e l o c i t y data, i n c l u d i n g v a r i a t i o n s 
due t o magnetic and e l e c t r i c f i e l d s t r e n g t h s has been c o l l e c t e d at a 
CERN t e s t beam ( 5 | 7 ) . These r e s u l t s were taken mainly f o r Argon-
Isobutane gas mixtures and were found t o agree q u i t e w e l l w i t h the 
v a r i a t i o n p r e d i c t e d by the c l a s s i c a l theory presented here. An almost 
p e r f e c t f i t was obtained f o r d r i f t v e l o c i t y and angle v a r i a t i o n s w i t h 
magnetic f i e l d i n an e l e c t r i c f i e l d of 500 V cm""1", but s l i g h t 
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discrepancies were apparent f o r 1000V cm . T his i s because the 
method of d e r i v i n g expressions 6.3 and 6.5 does not i n c l u d e the f a c t 
t h a t e l e c t r o n energy and c o l l i s i o n cross s e c t i o n are f u n c t i o n s of E; 
hence the model i s b e t t e r f o r low e l e c t r i c f i e l d values. 
Reasonable agreement between experiment and t heory has also 
been • e s t a b l i s h e d (8) i n the case o f Argon-Methane gas mixtures. 
6.2 A p p l i c a t i o n of the Theory t o Argon-Methane. 
Using equation S.k w i t h k = 0.75> the values of d r i f t 
v e l o c i t y i n Argon (90) - Methane (10) were c a l c u l a t e d f o r v a r i o u s 
values of E and B. The zero magnetic f i e l d d r i f t v e l o c i t y , V/ , i s a 
f u n c t i o n of e l e c t r i c f i e l d , and values were e x t r a c t e d from the 
e x p e r i m e n t a l l y determined d r i f t v e l o c i t y curve p r e v i o u s l y shown i n 
f i g u r e k*ll Jience s t a r t i n g w i t h a set of experimental values, the 
t h e o r e t i c a l behaviour of e l e c t r o n s i n v a r i o u s magnetic f i e l d s has 
been i n v e s t i g a t e d f o r e l e c t r i c f i e l d s up t o 1000 V c n i ~ \ T his v a r i a t i o n 
i s shown i n f i g u r e 6.2, i n d i c a t i n g a tendancy f o r the d r i f t v e l o c i t y 
t o decrease as magnetic f i e l d increases. For f i e l d s i n the 15 KGauss 
r e g i o n , a convenient l e v e l l i n g o f f o f these curves i s d i s p l a y e d , which 
means t h a t f l u c t u a t i o n s i n magnetic f i e l d i n t h i s r egion do not 
s e r i o u s l y a l t e r d r i f t v e l o c i t y . 
A tendancy towards a p l a t e a u can a l s o be observed i n f i g u r e 
6.3 where' d r i f t v e l o c i t y v a r i a t i o n w i t h e l e c t r i c f i e l d i s p l o t t e d f o r 
s e v e r a l magnetic f i e l d values up t o 15 KGauss. S a t u r a t i o n i s complete 
i n a l l cases at a f i e l d of around 1000 V cm~^. 
Figure S.k shows the v a r i a t i o n of d r i f t angle w i t h magnetic 
f i e l d f o r v a r i o u s values of e l e c t r i c f i e l d ; i n other words, the 
r e q u i r e d angle of e l e c t r i c f i e l d t i l t t o e x a c t l y compensate f o r 
if) 
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the magnetic f i e l d e f f e c t . The tangent v a r i a t i o n i n d i c a t e d i n equation 
6.5 means t h a t the 0-value i s more c r i t i c a l f o r lower magnetic f i e l d s 
however, t h i s i s o f f s e t by the f a c t t h a t the f l o w - l i n e t r a j e c t o r i e s , 
of e l e c t r o n swarms due to the a c t u a l f i e l d i n a d r i f t c e l l (see f o r 
example f i g u r e 3 * 9 ) o v e r r i d e s the e f f e c t of small magnetic f i e l d s . 
T h is has been e x p e r i m e n t a l l y observed (?) i n the o p e r ation of d r i f t 
chambers i n leakage f i e l d s of bending magnets. As expected, l a r g e r 
e l e c t r i c f i e l d s n e c e s s i t a t e smaller t i l t i n g angles. 
6.2 . 1 Example 
The magnitude of magnetic f i e l d s u s u a l l y encountered i n 
h i gh energy physics i s of the order 15 KGauss; consider then, a c e l l 
o f a g-2 chamber op e r a t i n g i n such a f i e l d . I n s e r t i n g known values 
i n t o the cruder model equation, 6 . 1 , i n d i c a t e s a necessary f i e l d 
t i l t o f ~ kl°, hence consider a t i l t of 3 H.T. wire spacings, t h a t i s 
~tf = 4 5 ° . E q i n t h i s case i s ~ 600 V cm""^  g i v i n g a value of E ~ 8 5 0 
V cm"''' at which f i e l d the d r i f t v e l o c i t y should be about on the 
s a t u r a t i o n p a r t of the curve. (This i s c e r t a i n l y t r u e f o r B = 15 
KGauss as seen from f i g u r e 6 . 3 ) 
Equations 6.2 and 6.5 now give the r e q u i r e d angle of t i l t 
t o be ~ 3 7 ° , meaning t h a t i n t h i s case and (9 d i f f e r by 8° . 
The v a r i a t i o n of the observed d r i f t v e l o c i t y given by 
equation 6.7 i s p l o t t e d as a f u n c t i o n of magnetic f i e l d i n f i g u r e 6.5, 
where i t i s also compared w i t h the a c t u a l d r i f t v e l o c i t y of e l e c t r o n s 
i n the gas. The two curves approach each other, touch at B = 2 0 
KGauss and move apart as B i s increased f u r t h e r ; t h a t i s t o say t h a t 
such an e l e c t r i c f i e l d c o n f i g u r a t i o n i n a g-2 chamber as described 
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decrease of a c t u a l d r i f t v e l o c i t y w i t h magnetic f i e l d i s once again 
apparent whereas the observed d r i f t v e l o c i t y reaches a maximum value 
at *v 8 KGauss because of the a d d i t i o n a l cosine m o d i f i c a t i o n . This 
presents another convenient p r o p e r t y (as v a i l be seen i n the next 
s e c t i o n ) of there being l e s s v a r i a t i o n i n observed d r i f t v e l o c i t y 
than i n a c t u a l d r i f t v e l o c i t y as the magnetic f i e l d v a r i e s up t o 
16 KGauss. 
With t h i s i n rrind, the next s e c t i o n deals w i t h the 
a p p l i c a t i o n of such a model t o a r e a l case i n which a strong magnetic 
f i e l d v a r y i n g between 5 and 15 KGauss i s encountered. 
6.3 A'Proposed Method t o Compensate f o r a Non-Uniform, Strong 
Magnetic F i e l d 
6.3-1 The g-g Magnetic F i e l d 
The magnetic f i e l d between the pole pieces of a g-2 magnet 
block, i s known t o 1 ppra. This i s shaped at the edges of the pole 
faces f o r reasons discussed p r e v i o u s l y i n s e c t i o n ?..k. Outside t h i s 
r e g i o n i s the leakage f l u x common t o a l l such C-magnets. Figure 6.6 i s 
a p l o t of the magnetic f l u x against r a d i a l distance on a median plane 
and shows a marked v a r i a t i o n i n B across the l e n g t h of the d r i f t 
chamber superimposed on the diagram. Notice t h a t the r a d i a l f i e l d 
v a r i a t i o n ' i s s l i g h t l y d i f f e r e n t f o r t h e ' b l o c k - c e n t r e and block-corner 
cases; f o r convenience,the c a l c u l a t i o n s f o l l o w i n g w i l l be done using 
only the b l o c k - c e n t r e f i e l d ; bearing i n mind t h a t some software 
m o d i f i c a t i o n s may e v e n t u a l l y be r e q u i r e d . E l e c t r i c f i e l d compensation 
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6.3»2 I n i t i a l Compensating Mechanism Proposals 
A s e r i e s of c a l c u l a t i o n s was performed t o estimate the 
vol t a g e on each H.T. wire t o produce at each p o i n t on the sense wire 
plane an e l e c t r i c f i e l d t o compensate e x a c t l y f o r the Lorenz f o r c e . 
T h i s idea was dismissed because of the l a r g e number of r e s i s t o r s and 
leads r e q u i r e d and the complicated nature of the f i e l d s thus produced. 
The next attempt was t o have d i f f e r e n t e l e c t r i c f i e l d t i l t s 
i n the chamber, t h a t i s t o vary the angle of the e l e c t r i c f i e l d i n 
thre e d i s t i n c t regions o f the chamber according t o the average 
magnetic f i e l d s t r e n g t h i n each r e g i o n . T h i s method would c e r t a i n l y 
r e s t o r e the otherwise depleted chamber e f f i c i e n c y and, indeed, f i r s t 
t e s t s i n the g-2 storage r i n g (9) were done w i t h the innermost two 
c e l l s having an e l e c t r i c f i e l d t i l t of 3 H.T. wire spacings, the next 
three c e l l s having 2 and the f i n a l t h r e e c e l l s 1. However, a v a r y i n g -
t i l t system such as t h i s can lead t o complicated d r i f t v e l o c i t y 
v a r i a t i o n s as w i l l be evident from.the next s e c t i o n . 
6.3*3 T h e o r e t i c a l Examination o f Various E l e c t r i c F i e l d C o n f i g u r a t i o n s 
To choose the best e l e c t r i c f i e l d t i l t ( o r combination of 
t i l t s ) t o provide compensation f o r the g-2 magnetic f i e l d , and, at 
the same time, produce a manageable d r i f t v e l o c i t y v a r i a t i o n along 
the l e n g t h of the chamber, the c l a s s i c a l theory was a p p l i e d t o 
var i o u s f i e l d c o n f i g u r a t i o n s i n the f o l l o w i n g way:-
Knowing the value of S, W can be found from f i g u r e ^.11, 
and thus the t h e o r e t i c a l d r i f t angle (£/(E,3)) can be determined by 
combining equations 6.2 and 6.5- This value can then be used t o f i n d 
the d r i f t v e l o c i t y i n the gas (V/(E,B)) from equation 6.6 which can 
then be converted t o observed d r i f t v e l o c i t y (V///) using equation 
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6.7. I f t h i s process i s repeated at mm. "distance increments from the 
vacuum tank w a l l , t h a t i s t o i n s e r t the r a d i a l d i s t a n c e v a r i a t i o n s 
o f B and E i n t o the above expressions, the observed d r i f t v e l o c i t y 
v a r i a t i o n along the l e n g t h of the chamber can be determined. 
Figure 6.7 shows the v a r i a t i o n of d r i f t v e l o c i t y i n the gas 
w i t h r a d i a l distance from the vacuum tank w a l l , as der i v e d by the 
above method, f o r several e l e c t r i c f i e l d t i l t c o n f i g u r a t i o n s . ^ =600 Vcm 
o 
As would be expecte,dfsmooth curves w i t h V/(E,B) i n c r e a s i n g w i t h distance 
from the tank w a l l are y i e l d e d f o r constant e l e c t r i c f i e l d t i l t s . For 
the v a r y i n g t i l t cases, sharp v e l o c i t y d i s c o n t i n u i t i e s are observed. 
T h i s does not seem l i k e l y i n p r a c t i c e but l a b o r a t o r y t e s t s on t i l t e d 
e l e c t r i c f i e l d s at 3 = 0 have shown strong d r i f t time v a r i a t i o n s at 
c e l l boundaries (appendix 2 ) . Hence i t was decided t o continue work 
only f o r constant t i l t s o f . 2 , 3 and k wire spacings ( t i l t s of < 2 and 
> h would almost c e r t a i n l y lead t o a r e d u c t i o n i n e f f i c i e n c y i n the 
lJf . 7 ^ 5 KGauss region which i s the most important d e t e c t i n g a r e a ) . 
For the values of y obtained from the above three t i l t s , 
the v a r i a t i o n w i t h distance o f the i n i t i a l d i r e c t i o n o f the e l e c t r o n 
swarm could be estimated. Figure 6.8 shows t h i s v a r i a t i o n |( y - <9 )l f o r 
each case and also i n d i c a t e s how reasonable a compensation each t i l t 
.produces over the f u l l l e n g t h of the chamber. As % increases, E also 
increases and hence (P decreases. For the p a r t i c u l a r values of 
chosen here, t h i s leads t o { G) being f i n i t e i n a l l cases except 
at a r a d i a l distance inwards of 1/|5 mm., where exact compensation f o r 
the magnetic f i e l d at t h a t p o i n t occurs f o r a t i l t o f 2 spacings. I n 
f a c t i t i s t h i s f i e l d t i l t which produces the smallest d e v i a t i o n s of 
(^f - (9) from zero. The f a c t t h a t | ( ^ - (P }| i s i n i t i a l l y o f a s i m i l a r 
value f o r the 2 and 3 t i l t cases i s simply because the under-
FIG. 6-7 (a) PREDICTED DRIFT VELOCITY IN THE GAS" V c DIST. FROM VAC. TANK WALL 
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compensation produced by the former t i l t happens t o equal the over-
compensation of the l a t t e r . 
The most important p r o p e r t y o f the value o f t i l t set i s 
shovm i n f i g u r e 6 . 9 » t h a t i s , the r a d i a l distance v a r i a t i o n o f 
observed d r i f t v e l o c i t i e s . I t i s des i r e a b l e t o keep the v a r i a t i o n o f 
V//j as small as po s s i b l e and t h i s i s best manifested f o r a t i l t of 3 
spacings ( = 4 5 ° ) . For t h i s value, the curve shovm i n f i g u r e 6 . 7 
m o d i f i e d by the r e l e v a n t curve o f f i g u r e 6 . 3 produces a v a r i a t i o n i n 
between 2 5 . 4 5 and 2 7 . 3 0 ran. JUs~^ only; t h a t i s t o say t h a t 
although W ( S , 3 ) i s i n c r e a s i n g w i t h r a d i a l d istance inwards ( d u e t o B 
d e c r e a s i n g ) , t h i s i s o f f s e t t o a l a r g e extent by $ becoming f u r t h e r 
away from the des i r e d compensation angle, 0, thus causing c o s i n e ( ^ - ( 9 ) 
t o decrease i n equation 6 . 7 . 
(Although the e l e c t r o n swarm v / i l l e v e n t u a l l y f o l l o w f l o w 
l i n e s which are not n e c e s s a r i l y s t r a i g h t , the (tf-S) v a r i a t i o n w i l l 
b a s i c a l l y mean longer d r i f t paths as distance from the tank w a l l 
increases and hence smaller observed d r i f t v e l o c i t i e s . ) 
6 . 3 . 4 F i n a l Choice of Compensating Mechanism 
For the d e t e c t i o n o f primary t r a c k s , t h a t i s , those where 
the e l e c t r o n detected i n the d r i f t chambers i s the one t h a t t r i g g e r s 
t he shower counter, the most important chamber d e t e c t i n g area i s t h a t 
which overlaps the g - 2 counter s e n s i t i v e area. A s i g n i f i c a n t p a r t o f 
t h i s area i s i n a re g i o n o f almost uniform magnetic f i e l d , as can be 
seen from the f i e l d v a r i a t i o n i n f i g u r e 6 . 6 , and many of the decay • 
e l e c t r o n s w i l l be detected i n t h i s r e g i o n . 
For maximum chamber e f f i c i e n c y i n t h i s , the most important 
d e t e c t i o n zone, i t i s obvious t h a t (Y-Q) must be as small as 
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p o s s i b l e , from f i g u r e 6 . 8 t h i s value i s a minimum f o r the 2 and 3 
t i l t cases ( ) ( y - < 9 ) | = 3 . 7 ° and 8 . 4 ° r e s p e c t i v e l y ) . The f a c t t h a t 
outside t h i s r e g i o n , the v a r i a t i o n of ( y - B ) i s smaller f o r two t i l t s 
i s o verridden by the much f l a t t e r Vfyy versus d curve presented by 3 
t i l t s i n f i g u r e 6 . 9 
P o i n t s also to-be taken i n t o c o n s i d e r a t i o n are:-
The value o f E ma n i f e s t i n g from 3 t i l t s i s more favourable 
than t h a t o f 2 t i l t s as regards d r i f t v e l o c i t y s t a b i l i t y , and, the 
lov/er d r i f t v e l o c i t i e s f o r 2 and k t i l t s present many d r i f t times 
o u t s i d e the ranges of normal d i g i t a l t i d i n g devices. 
On c o n s i d e r i n g such f a c t o r s , i t i s apparent t h a t t i l t i n g 
the e l e c t r i c f i e l d by 3 II.T. wire spacings i e . 4 5 ° provides i n a 
simple way the most s u i t a b l e compensation mechanism f o r the g - 2 
magnetic f i e l d ; a reasonably small observed d r i f t v e l o c i t y v a r i a t i o n 
being produced at the expense of i n h e r i t i n g some degree of 
i n e f f i c i e n c y i n the r e g i o n o f low magnetic f i e l d ( f o r e f f i c i e n c y 
measurements w i t h s l a n t e d e l e c t r i c f i e l d s i n no magnetic f i e l d see 
appendix 2 ) . 
Using the above chosen compensating mechanism, a d r i f t time 
t o r a d i a l distance c a l i b r a t i o n curve was der i v e d f o r a l l c e l l s . This 
i s shown i n f i g u r e 6 . 1 0 , the values being obtained by approximating 
f i g u r e 6 . 9 to' a s e r i e s of s t r a i g h t l i n e s ( t h a t i s , assuming constant 
d r i f t v e l o c i t y over h a l f a c e l l w i d t h , such an approximation l e a d i n g 
t o maximum e r r o r s i n t i m i n g of the order Q.5','o, t h a t i s , under 0 . 0 7 mm 
over the maximum d r i f t d i s t a n c e ) . 
Those values l y i n g o utside a normal T'DC range ( 5 1 2 ns) are 
i n d i c a t e d . 
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6 . 5 » 5 C r i t i c i s m of Model and Concluding Remarks 
The value of the constant k has been chosen a r b i t r a r i l y t o 
de f i n e a I-iaxwellian v e l o c i t y d i s t r i b u t i o n . This i s most c e r t a i n l y not 
the case f o r the d r i f t i n g e l e c t r o n swarm, however such a f i t t o the 
experimental r e s u l t s o f Charpak ( 5 ) encourage such a. choice. Several 
c a l c u l a t i o n s were done f o r Argon-Methane using k = 0 . 8 1 (a Druyvesteyn 
d i s t r i b u t i o n ( 6 ) ) but have not been used i n t h i s c u r r e n t work. 
The main f a u l t w i t h the model i s the assumption of a 
constant e l e c t r i c f i e l d experienced by the swarra. This i s i n v a l i d a t e d 
f i r s t l y by the f i e l d p a t t e r n o c c u r r i n g i n the chambers (see chapter 5 ) 
and secondly by the flow l i n e t r a j e c t o r i e s of e l e c t r o n s . Also, i n 
t h i s r espect, the model gives no f i r m d r i f t time p r e d i c t i o n s f o r the 
curved end r e g i o n which must be assumed t o e x h i b i t s i m i l a r d r i f t 
v e l o c i t y c h a r a c t e r i s t i c s t o the normal side of the f i r s t c e l l i n the 
chamber. The reasonable assumption i s made t h a t values of E a c t i n g on 
the swarm are always high enough t o be on the s a t u r a t i o n p a r t of the 
d r i f t v e l o c i t y curve. 
I n i t i a l l y , f o r s i m p l i c i t y i n the data a n a l y s i s , l i n e a r i t y of 
V/H w i l l be assumed across each c e l l h a l f - w i d t h . B e t t e r estimates 
should however be obtained a f t e r complete experimental d r i f t time 
c a l i b r a t i o n . I n t h i s r e s p e c t , reasonable d r i f t v e l o c i t y c a l i b r a t i o n 
f o r the chambers i n t h e i r experimental l o c a t i o n s w i l l be a u t o m a t i c a l l y 
forthcoming from the t r a c k data, t h a t i s , by observing the cut o f f 
p o i n t s of d r i f t time d i s t r i b u t i o n s f o r each c e l l . Such r e s u l t s w i l l 
g i v e an i n d i c a t i o n of the v a l i d i t y o f the model described here and 
are presented w i t h the r e s t o f the i n i t i a l d r i f t chamber data from 
g - 2 i n the f o l l o w i n g chapter. 
- 1 0 2 -
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CHAPTER 7 
THE TRACK KBASUKINO SYSTEM IN THS g-2 HUON STORAGE RING 
7.1 I n t r o d u c t i o n 
Preceeding chapters have discussed i n d e t a i l the development 
and p r o p e r t i e s of the g-2 d r i f t chambers and the purpose of t h i s 
chapter i s t o describe t h e i r i n s t a l l a t i o n i n the rauon storage r i n g at 
CERN. The op e r a t i o n of the chambers i n t h i s environment i s st u d i e d 
using subsystems of the f i n a l t r a c k measuring a r r a y ; the l a t t e r system, 
comprising e i g h t H.'.V.D.C's and three M.Y.'.P.C 's, being now f u l l y 
c o n s tructed. A s a t i s f a c t o r y data a c q u i s i t i o n svstem f o r the f i n a l 
d r i f t chambers, independent o f t h a t of the main experiment, i s 
described and i n i t i a l r e s u l t s from t h i s system are presented. T h i s 
work has been c a r r i e d out during three g-2 runs. 
7.2 I n i t i a l Tests i n the Storage Ring (1) 
I n i t i a l i n v e s t i g a t i o n s were made using one prototype d r i f t 
chamber mounted on a r i g i d baseplate a t a distance of <*330 mm upstream 
of counter 11. Argon(9C)-Methane(10) gas, from a supply outside the 
storage r i n g , was f l u s h e d through the chamber, and a d r i f t f i e l d of 
530 V cm""'", u s u a l l y t i l t e d by 2 H.T. wire spacings, was a p p l i e d . 
Signal outputs were fed v i a 50 cm m i n i a t u r e c o a x i a l cables (RG 17h) to 
10k 
low i n p u t impedance Verweij p r e a m p l i f i e r s from which 32 metres of 
c o a x i a l cable conducted the s i g n a l s t o t r i p l e shaper d i s c r i m i n a t o r 
u n i t s i n the c o n t r o l room. 
7.2.1 Observations P r i o r t o a g-2 Run 
Radiat i v e i n t e r f e r e n c e from Suisse RomandfaRtelevision 
transmission was picked up by the chamber sense wires and a f t e r 
a m p l i f i c a t i o n appeared as a A.M. ^SO mV noise l e v e l i n t o 5 0 f l . The 
s t e e l magnet blocks a f f o r d e d no s h i e l d i n g against t h i s pickup, however, 
earthed alurrinized-mylar windows reduced t h i s l e v e l t o 20 mV maximum 
peak t o peak. 
Pulses from the chamber due t o an Fe 55 X-ray source i n the 
presence of the magnetic f i e l d were s u c c e s s f u l l y observed i n the 
c o n t r o l room and showed no .observable d e t e r i o r a t i o n a f t e r t r a v e r s i n g 
the l e n g t h of cable i n question. 
7.2.2 The " I n i t i a l Flash" 
Figure 7.1 shows a s i m p l i f i e d r e p r e s e n t a t i o n of the main 
p a r t of a g-2 c y c l e . A c a p a c i t a t i v e pickup pulse, generated as protons 
from the synchrotron pass a f i x e d p o i n t i n the g-2 beam l i n e , provided 
the t r i g g e r t o the main experiment. As the i n f l e c t or was pulsed, on 
r e c e i p t of a pion bunch, a 10 s long pulse t r a i n was observed i n 
de t e c t o r e l e c t r o n i c s . This was immediately f o l l o w e d by a high f l u x 
pion b u r s t i n the storage r i n g r e f e r r e d t o as the " I n i t i a l Flash". The 
main experiment c o l l e c t e d e l e c t r o n data from the shower counters f o r 
a time of 750 ju s a f t e r the i n i t i a l f l a s h , a f u r t h e r d i s r u p t i v e noise 
source due t o the e l e c t r o s t a t i c focussing e l e c t r o d e s being occurrent 
at 800 AAB a f t e r the l a t t e r . 
FIG 7.1 THE (SIMPLIFIED) g -2 CYCLE 
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V/ith the d r i f t chambers o p e r a t i o n a l , the i n i t i a l f l a s h 
appeared as a few hundred ns long pulse on the sense wire as 
exe m p l i f i e d i n f i g u r e 7.2 ( f o r c e l l 8 w i t h no e l e c t r i c f i e l d t i l t ) ; an 
estimated 10^ pions per chamber per f l a s h causing e l e c t r o n swarms t o 
d r i f t from a l l p a r t s of the c e l l . 
Figure 7.3 compares the pulse height v o l t a g e c h a r a c t e r i s t i c , 
obtained f o r t h i s pion pulse, t o t h a t from non-minimum i o n i z i n g Sr 90 
e l e c t r o n s i n the same c e l l . S a t u r a t i o n of the a m p l i f i e r i s reached at 
lower H.T. values f o r the former due t o the massive i o n f l u x i n v o l v e d . 
7.2.3 Data A c q u i s i t i o n from One Chamber 
Timing was achieved using a T.A.C.-P.H.A. system and i n order t o 
e l i m i n a t e the noise sources described i n the previous s e c t i o n , the 
T.A.C. "s t a r t ' s " from counter 11 were gated i n f o r a p e r i o d 7 t o 707 
yC/s a f t e r the i n i t i a l f l a s h using the system shown i n f i g u r e 7.4 ( t ^ 
= 7/Us, t.y - ?00^«s). Events were s h i f t e d onto the 1.0^6/s scale of the 
T.A.C. by the i n c l u s i o n of delay cables i n the d r i f t chamber output 
channels and c a l i b r a t i o n of the t i m i n g system was achieved i n the 
usual manner. 
As the g-2 e l e c t r o n shower counter operates on the p r i n c i p l e 
of output pulse height being p r o p o r t i o n a l t o energy deposited, by 
d i s c r i m i n a t i n g these pulses at vario u s l e v e l s , data from e l e c t r o n s of 
gr e a t e r than c e r t a i n energies could be observed i n the main experiment. 
By fanning out the e l e c t r o n pulse and using f i v e d i s c r i m i n a t i o n l e v e l s , 
a s e r i e s o f f i v e "pulse height b i t s " determined the energy of any 
e l e c t r o n t o w i t h i n ~ ±0.25 GeV. I n a s i m i l a r manner, by a t t e n u a t i n g 
the r e l e v a n t ( d r i f t chamber t r i g g e r ) counter pulse before 
d i s c r i m i n a t i n g at a f i x e d l e v e l , an energy t h r e s h o l d f o r d r i f t chamber 
F I G . 7 - 3 . COMPARISON O F P U L S E H E I G H T - V O L T A G E C U R V E S FOR 
PION P I C K U P P U L S E AND Sr 90 p - R A Y S . 
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events could be set ( f i g u r e 7.5). 
Figure 7.6 shows the observed r a t e of gated counter 11 
pulses as a f u n c t i o n of a t t e n u a t i o n . Comparing these r a t e s w i t h the 
count r a t e s of the pulse height b i t s (as observed at the d r i f t chamber 
e l e c t r o n i c s rack t o e l i m i n a t e any pulse height a t t e n u a t i o n due t o 
d i f f e r e n t cable l e n g t h s ) , as presented i n f i g u r e 7.7, leads t o the 
a t t e n u a t i o n l e v e l - e n e r g y c a l i b r a t i o n curve of f i g u r e 7.8. For the 
c o l l e c t i o n of d r i f t time data, a t h r e s h o l d of 1 GeV was u s u a l l y set 
thus s e l e c t i n g forward decaying e l e c t r o n s i n the muon r e s t frame and 
reducing the s c a t t e r i n g f a c t o r as discussed i n chapter 5« Note t h a t 
c e r t a i n changes i n g-2 c o n d i t i o n s (eg. number of i n j e c t e d bunches) 
n e c e s s i t a t e s a r e c a l i b r a t i o n . 
On c o l l e c t i n g data from one c e l l w i t h t h i s system, event 
r a t e s were t y p i c a l l y 1 or 2 per minute. 
7.2.4 Observations During a g-2 P.un 
Figure 7.9 shows the d r i f t time d i s t r i b u t i o n obtained when 
decay e l e c t r o n s t r a v e r s e d c e l l 5 of the chamber. A square edged 
spectrum i s observed on top of a s i g n i f i c a n t noise l e v e l , the l a t t e r 
being a t t r i b u t e d t o random T.A.C. s t a r t s and stops o c c u r r i n g 
f r e q u e n t l y compared t o the event r a t e ( s i g n a l : n o i s e - 1:1), and the 
width of the d i s t r i b u t i o n i s estimated t o be (483 ± 21)ns. The 
observed d e t e c t i o n e f f i c i e n c y of only can be a t t r i b u t e d p a r t l y t o 
geom e t r i c a l c o l l e c t i o n areas and an e l e c t r o n f l u x decrease over the 
l e n g t h of the d r i f t chamber ( f u r t h e r e f f i c i e n c y e f f e c t s w i l l be 
discussed i n s e c t i o n 7.4.2). 
On i n s e r t i n g the r e l e v a n t parameters i n t o the equations 
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i n t h i s arrangement and t h e r e f o r e the magnetic f i e l d across c e l l 5 
v a r i e d between 8.1 and 10.3 KGauss), ( x - 9 ) at the nense wire was 
estimated t o be 2.76° (compared t o 3«5° i n f i g u r e 6.8 f o r the s l i g h t l y -
h i gher d r i f t f i e l d o f 600 Vein" 1) and w„ was estimated t o be (29.0 ± 2. 
mm ^ ( S _ 1 ( e q u a l l i n g the value of f i g u r e 6.9) thus y i e l d i n g a p r e d i c t e d 
d i s t r i b u t i o n width of (^33 - A-2)ns. Extremely good agreement between 
the observed performance and t h a t p r e d i c t e d by the theory of chapter 6 
i s thus apparent from t h i s data. 
S i m i l a r d r i f t time data were c o l l e c t e d f o r c e l l 1 (which 
i n c l u d e d the p r o t o t y p e curved end of f i g u r e 3 . 7 ( a ) ) . Here a d e t e c t i o n 
e f f i c i e n c y of ~10*> was observed and the d i s t r i b u t i o n obtained i s 
shown i n f i g u r e 7.10. The t a i l on the d i s t r i b u t i o n i s a t t r i b u t e d t o 
e l e c t r o n s t r a v e r s i n g the curved end region which i s thus seen t o 
f u n c t i o n as a d r i f t space i n the high magnetic f i e l d ; the gradual 
f a l l o f f i s probably due t o a combination of the chamber geometry and 
i n e f f i c i e n c y i n t h i s r e g i o n . 
7.2.5 I n i t i a l Track Observation 
Using four d r i f t chambers (t h r e e prototypes and one 
p r o d u c t i o n model) separated by ~90 mm w i t h the downstream chamber 
being -•120 mm from counter 11, e l e c t r o n data were c o l l e c t e d from a l l 
c e l l s using a data a c q u i s i t i o n system i n c l u d i n g a small computer ( t o 
be described i n s e c t i o n 7.3). At the t i m e , the magnetic f i e l d 
compensating mechanism was one of v a r i a b l e e l e c t r i c f i e l d t i l t s 
throughout each chamber and decay e l e c t r o n s emerged from the vacuum 
tank through the 3 mni Aluminium a l l o y w a l l . 
At a t h r e s h o l d of 1.3 GeV,~85i--' of the event candidates 
( f o u r chambers h i t ) c o l l e c t e d e x h i b i t e d more than one c e l l being h i t 
- 1 0 8 -
i n at l e a s t one chamber. This suggested severe showering and 
s c a t t e r i n g of e l e c t r o n s i n the tank w a l l and made the deciphering of 
data d i f f i c u l t . Very few clean t r a c k s were obtained, some of which are 
i l l u s t r a t e d i n f i g u r e 7 . 1 1 | and no beam p r o f i l e r e c o n s t r u c t i o n was 
made due t o i n s u f f i c i e n t data being c o l l e c t e d . However, t h i s work has 
proved, as expected, the importance of i n s t a l l i n g the t h i n w a l l 
s e c t i o n i n the d r i f t chamber r e g i o n . 
7 . 3 The Present Storage King D r i f t Chamber Array 
Eight d r i f t chambers are c u r r e n t l y i n s t a l l e d i n the g - 2 muon 
storage r i n g , a schematic plan diagram being i l l u s t r a t e d i n f i g u r e 7 . 1 2 
where the p o s i t i o n s of the !!. 7/. P. C' s of the a r r a y are a l s o i n d i c a t e d . 
The chambers v/ere mounted i n ad j u s t a b l e . c r a d l e s and c a r e f u l l y 
surveyed i n t o p o s i t i o n on the baseplate ( 2 ) ensuring v e r t i c a l i t y of 
sense w i r e s , the s p a t i a l p o s i t i o n s of the l a t t e r being determined t o 
w i t h i n 0 . 1 5 aur:. Figures 7 . 1 3 (a) and (b) show the d r i f t chambers i n 
p o s i t i o n between the pole pieces of magnet blocks 22 and 2 3 of the 
storage r i n g . Also f e a t u r e d i n these photograi?hs are: the t h i n w a l l 
s e c t i o n under vacuum, the gas flow c o n t r o l panel, the baseplate and 
c r a d l e assembly, the p r e a m p l i f i e r banks and the "up-down" s c i n t i l l a t o r 
of the d i p o l e moment experiment. The d r i f t f i e l d and compensating 
mechanism of a l l chambers were as described i n s e c t i o n 3 ^ 3 . 1 and H.T. 
voltag e s were de r i v e d from a s i n g l e , v/ell c a l i b r a t e d Brandenburg 7071? 
power supply. 
7 . 3 . 1 The 'Data A c q u i s i t i o n System 
Figure 7 . 1 ^ shows the system used t o c o l l e c t and s t o r e data 
from the d r i f t chambers. Pulse d i s c r i m i n a t i o n was achieved using 
FIG 7.11 ELECTRON TRACKS IN FOUR CHAMBER SUBSYSTEM 
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Lecroy o c t a l NIM modules and t i m i n g was by Lecroy o c t a l TDC u n i t s i n 
CAMAC as p r e v i o u s l y described. Event g a t i n g and energy t h r e s h o l d 
s e l e c t i o n were achieved by those methods discussed i n s e c t i o n 7 . 2 . 3 
and d i g i t i z e d d r i f t times from the TDC's were stored i n a Hewlett 
Packard 2 1 0 0 ( 3 2 K ) computer. Other i n f o r m a t i o n c o l l e c t e d i n CAMAC 
inc l u d e d the event time ( t g ) w i t h i n the g - 2 c y c l e ( i n f a c t the 
q u a n t i t y ( t Q + t ^ , - t p ) was s t o r e d ) , the pulse height code denoting 
the energy range f o r the event and an e l e c t r i c f i e l d f a u l t message 
from the main experiment. The data a c q u i s i t i o n programme took the form 
of a software package w r i t t e n i n ASSEMBLER language and provided by 
CEPJNT t o s p e c i f i e d requirements. Manual c o n t r o l over t h i s programme 
could be achieved using a t e l e t y p e v i s u a l d i s p l a y u n i t . An event block 
cons i s t e d of s i x t y 1 6 - b i t words i n c l u d i n g event l a b e l s and spare 
microscaler channels (breakdown m o n i t o r s ) . These blocks, i n c l u d i n g 
only f o r t y e i g h t channels of TDC which were a v a i l a b l e a t the time o f 
the run, were t r a n s f e r r e d s e q u e n t i a l l y t o magnetic tape, the low r a t e 
o f f e r i n g no problems t o the system. 
Online data a n a l y s i s (low p r i o r i t y ) was achieved using 
programmes w r i t t e n i n BAhBI (a form of BASIC developed at CERN and 
i n c l u d i n g CAMAC commands and the f a c i l i t y t o c a l l FORTRAN subroutines) 
stored on punched paper tape. 
The data a c q u i s i t i o n system, i n c l u d i n g CAMAC e l e c t r o n i c s , 
the HP 2 1 0 0 computer and a n c i l l i a r i e s , i s shown i n the photograph o f 
f i g u r e 7 . 1 5 . 
7 . 3 . 2 Experimental Proce dure 
Data were w r i t t e n t o magnetic tape d u r i n g a g - 2 data t a k i n g 
p e r i o d ; t y p i c a l l y 5 , 0 0 0 events, c o l l e c t e d at a r a t e of 1 0 - 2 0 per 
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minute, c o n s t i t u t i n g a d r i f t chamber run. Parameters v a r i e d during 
t h i s work were: the a t t e n u a t i o n i n the counter l i n e (energy t h r e s h o l d ) , 
the gate delay ( t ^ ) and the gate width ( t . ^ ) . 
Pulse height and event time i n f o r m a t i o n were a v a i l a b l e w i t h 
only a l i m i t e d amount of the data due t o hardware problems, however, 
the e f f e c t of a l t e r i n g the energy t h r e s h o l d was c l e a r l y apparent on 
observing the values of the former using a simple d i s p l a y programme. 
The performance of i n d i v i d u a l d r i f t chamber c e l l s was 
monitored r e g u l a r l y and a decrease i n spurious pulse r a t e w i t h running 
time was observed over the f i r s t few days of o p e r a t i o n ; t h i s i s i n 
accordance w i t h previous f i n d i n g s (3) 
7.h I n i t i a l Results 
Using the o n l i n e programmes, the data c o l l e c t e d have been 
analysed i n order t o assess the performance of the chambers. The 
r e s u l t s obtained w i l l now be discussed. 
7.k.l D r i f t Time D i s t r i b u t i o n s 
The d r i f t time d i s t r i b u t i o n s of each c e l l (summed over s i x 
chambers) are presented i n f i g u r e 7 . 1 6 . The reason f o r extending the 
d r i f t time bins up t o only 5 0 0 ns was t h a t t o ensure the c o r r e c t 
f u n c t i o n i n g of the CAMAC autoscan, some of the TDC's used had t o be 
a r t i f i c i a l l y stopped at a time < 5 1 2 ns a f t e r r e c e i v i n g the s t a r t 
s i g n a l when no d i g i t i z e d time was present. 5 0 0 ns was chosen t o 
represent the o v e r f l o w b i t ( s a f e l y below 512 ns) and the time j i t t e r 
i n t h e l o g i c system p r o v i d i n g t h i s stop pulse caused the f a l l o f f i n 
counts observable f o r the f i n a l b i n . 
In a l l c e l l s , the d i s t r i b u t i o n s extend over the f u l l time 
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range of the TDC's, w i t h some suggestion of a f a l l o f f at h i g h times 
f o r c e l l s 6 and 7 . This i s i n agreement w i t h the theory presented i n 
chapter 6 (see f i g u r e 6 . 1 0 ) and i l l u s t r a t e s the extension of d r i f t 
times i n the magnetic f i e l d ; however, no r i g o r o u s c a l i b r a t i o n s were 
pos s i b l e w i t h the e l e c t r o n i c s used. The d i s t r i b u t i o n from c e l l 1 again 
i l l u s t r a t e s the geometrical e f f e c t of the curved end d r i f t space. 
The plateaus of the d i s t r i b u t i o n s are s l i g h t l y curved, which 
may r e f l e c t the form of e l e c t r o n i n t e n s i t y r e d u c t i o n w i t h r a d i a l 
distance inwards (a l i n e a r f a l l o f f would produce a f l a t - t o p p e d 
d i s t r i b u t i o n on c o n s i d e r a t i o n of the c o n t r i b u t i o n s from each h a l f of 
the c e l l ) . An estimate of the e l e c t r o n f l u x v a r i a t i o n was made from 
f i g u r e 7 . 1 6 and i s shown i n f i g u r e 7 . 1 7 . Another c o n t r i b u t i o n t o the 
pla t e a u curvatures may be s l i g h t i n e f f i c i e n c i e s i n the sense wire and 
p o t e n t i a l wire regions as discussed'in v a r i o u s p a r t s of t h i s t h e s i s . 
7 . ^ . 2 E f f i c i e n c y Measurements 
Using chambers F and H and the shower counter as a t r i g g e r 
( e f f e c t i v e l y a 500 ns g a t e ) , the e f f i c i e n c y of chamber G was 
i n v e s t i g a t e d . Figure 7.18 shows t h i s q u a n t i t y as a ' f u n c t i o n of the 
delay ( t f l ) of a ZfOC^s wide event gate and the e l e c t r o n energy 
t h r e s h o l d (due t o the short l e n g t h of cable between the counter and 
the a t t e n u a t o r f o r t h i s p a r t i c u l a r system, 31 dB ^ 1.8 GeV and 1 9 dB 
a 0 . 8 GeV). Maximum e f f i c i e n c i e s were o f the order 80?£ due t o the 
s l i g h t l y i n e f f i c i e n t zones created at the c e l l c e n t res and ends (as 
discussed i n t h i s t h e s i s ) , dead regions due t o the TDC time range 
being exceeded i n some c e l l s and spurious t r i g g e r s from the telescope 
(enhanced by the f a c t t h a t a l l c e l l s of a chamber were used t o provide 
the event t r i g g e r , thus a t r u e e l e c t r o n event was not n e c c e s s a r i l y 
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s e l e c t e d ) . 
An e f f i c i e n c y p l a t e a u was not a t t a i n e d u n t i l the event gate 
was delayed 1 2 5 /Us i n t o the g - 2 cycle and, f o r runs where t i m i n g 
i n f o r m a t i o n was a v a i l a b l e , the good t r a c k s observed f o r low t ^ 
s e t t i n g s were always associated w i t h long times. E f f i c i e n c y was 
observed t o increase w i t h energy t h r e s h o l d , i n d i c a t i n g more spurious 
counts f o r lower a t t e n u a t i o n l e v e l s i n the shower counter l i n e . Also 
i n d i c a t e d i n f i g u r e 7.18 are e f f i c i e n c y curves f o r chamber S 
(immediately upstream of the event s e l e c t i n g telescope) which show 
the same form of v a r i a t i o n but, f o r ge o m e t r i c a l reasons, gi v e lower 
p l a t e a u l e v e l s . 
A s i m i l a r i n e f f i c i e n c y at low event times w i t h i n the cy c l e 
has been recorded f o r the K. W.P.C 's of the a r r a y and i s nov/ a t t r i b u t e d 
t o a p a r a l y s i s of the chambers caused by the i n i t i a l pion burst ( o f 
estimated i n t e n s i t y 1 0 ° p a r t i c l e s per chamber and o c c u r r i n g w i t h i n a 
few n s ) . Although the pion pulse of f i g u r e 7 . 2 i s only a few hundred 
ns l o n g , the much slower p o s i t i v e i o n swarms r e s u l t i n g from the 
avalanches w i l l cause a severe r e s t r i c t i o n on the gain i n the sense 
wire r e g i o n . 
7.^ .3 Chamber H i t s 
Figure 7 . 1 9 shows the number of chambers h i t by emergent 
e l e c t r o n s as a f u n c t i o n of t h r e s h o l d energy. Due t o the ra d i u s o f 
curvature (R) of t r a c k s i n c r e a s i n g w i t h energy, i n gene r a l , more 
chambers were h i t at higher t h r e s h o l d s e t t i n g s as p r e d i c t e d f o r t h i s 
a r r a y (l+), and more t r a c k s of high curvature (1/R) were observed a t 
low t h r e s h o l d s . 
The amounts of data c o n t a i n i n g t r a c k s of > 2 , , ) 3 i ^ ' + , ^ 5 
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and & chambers h i t are p l o t t e d as f u n c t i o n s of t ^ i n f i g u r e 7 . 2 0 . 
Once again, the i n e f f i c i e n c y e f f e c t at low t _ values i s apparent and 
the seriousness of t h i s problem i s emphasised by the f a c t t h a t the 
curves are s t i l l r i s i n g a f t e r 1 2 5 /^s- (For the i n i t i a l t r a c k a n a l y s i s 
t o be discussed i n s e c t i o n 7 . 4 - 5 ? the c r i t e r i o n of ) 3 or }h h i t s was 
demanded and f o r a more s o p h i s t i c a t e d a n a l y s i s , as much as po s s i b l e of 
the data w i l l be u t i l i s e d ; hence a r e s t o r a t i o n of f u l l e f f i c i e n c y at 
low t p values i s h i g h l y d e s i r e a b l e . ) 
E l e c t r o n Tracks 
From a knowledge of the sense wire s p a t i a l l o c a t i o n s , and 
using the p r e d i c t e d d r i f t v e l o c i t y v a r i a t i o n across the chamber, the 
d i g i t i z e d d r i f t times recorded were processed i n t o Cartesian 
coordinates i n the system where chamber C sense wire plane rejoresented 
the Y-axis and the o r i g i n was the centre of the storage r i n g ( i e . a 
6-chamber system). The p o s i t i o n s of the sense wires and shower counter 
i n t h i s coordinate system are i n d i c a t e d i n f i g u r e 7 . 2 1 where the 
"ambiguous p a i r s " r e p r e s e n t i n g h i t p o s i t i o n s f o r an e l e c t r o n t r a c k 
passing through a l l chambers are also p l o t t e d . 
From these p o s s i b l e h i t p o i n t s , an eye f i t can be drawn t o 
represent the e l e c t r o n t r a j e c t o r y . As seen from the f i g u r e , the l a t t e r 
i s uniquely c o n s t r u c t e d using one p o i n t from each p a i r i n a chamber, 
th u s , the a r r a y aided by the magnetic f i e l d , has provided a 
geometrical s o l u t i o n t o the l e f t - r i g h t ambiguity. The c h a r a c t e r i s t i c 
t r a c k shape can be observed, t h a t i s , a decreasing curvature w i t h 
distance from the storage tank, due t o the magnetic f r i n g e f i e l d f a l l 
o f f . 
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f o l l o w i n g proceedure was adopted:-
Only those events e x h i b i t i n g clean h i t s (one c e l l o n l y ) i n 
^ four chambers were selected f o r processing. The ei g h t p o s s i b l e 
c i r c l e s were co n s t r u c t e d through the f i r s t t h r ee (upstream) ambiguous 
p a i r s encountered and those which could not p o s s i b l y be considered as 
p a r t i c l e t r a c k s ( f o r example, bending the wrong way) were r e j e c t e d . 
The c o n d i t i o n of p r o x i m i t y t o a h i t coordinate i n the f o u r t h chamber 
reduced the number of pos s i b l e t r a c k s and the f i n a l s e l e c t i o n was 
made i n the decay p o i n t r e c o n s t r u c t i o n stage of the programme. The 
parent muon decay coordinates were determined by e x t r a p o l a t i n g the 
c i r c u l a r f i t upstream u n t i l t a n g e n t i a l l i t y w i t h the o r b i t c i r c l e s 
occurred. This a n a l y s i s assumes t h a t f o r the f i r s t three chambers h i t , 
the e l e c t r o n i s i n an approximately uniform magnetic f i e l d , thus 
v a l i d a t i n g a c i r c u l a r f i t . . 
Figure 7 . 2 2 shows several examples of e l e c t r o n t r a c k s 
obtained, w i t h t h e i r e x t r a p o l a t e d c i r c l e f i t s . The r e l a t i v e p o s i t i o n s 
of the shower counter and storage tank, and the p r e d i c t e d muon decay 
p o i n t s are i n d i c a t e d . Many of the t r a c k r e c o n s t r u c t i o n s p r e d i c t e d the 
l a t t e r t o l i e o u t s i d e the storage tank which i s obviously impossible. 
Several examples o f . t h i s e f f e c t are c l e a r l y i l l u s t r a t e d i n f i g u r e 
7 . 2 2 and pos s i b l e explanations are t o be suggested i n the f o l l o w i n g 
s e c t i o n . 
7.k-5 The C i r c u l a t i n g Beam P r o f i l e 
By b i n n i n g the p r e d i c t e d values of muon r a d i u s obtained 
from the e l e c t r o n t r a c k s , a f i r s t estimate of the re c o n s t r u c t e d beam 
i n t e n s i t y p r o f i l e was made, and i s presented i n f i g u r e 7 . 2 3 "where the 
r e l a t i v e p o s i t i o n of the storage tank i s a l s o shown. As a r e s u l t of 
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the many recorded t r a c k s appearing to o r i g i n a t e from a point i n s i d e 
the storage r i n g , the r a d i a l d i s t r i b u t i o n i s seen to peak a t a 
d i s t a n c e ~ 9 0 mm from the c e n t r e of the vacuum tank. The d i s t r i b u t i o n 
shapes obtained were approximately as expected (the p r o f i l e has been 
estimated to be of a s e m i c i r c u l a r nature (*+)), however the p o s i t i o n a l 
s h i f t i s somewhat s u r p r i s i n g c o n s i d e r i n g the f a c t t h a t a c i r c u l a r f i t 
f o r a t r a c k extending i n t o a weakening magnetic f i e l d would tend to 
p r o j e c t the p r e d i c t e d muon r a d i u s towards l a r g e r v a l u e s . 
Attempts to s h i f t the d i s t r i b u t i o n have i n c l u d e d : -
a r t i f i c i a l l y skewing the b a s e p l a t e i n the programme to 
i n v e s t i g a t e the p o s s i b i l i t y of l e v e r a g e of the f i t . A t i l t of 0 . 6 ° 
(6 mm d i f f e r e n c e a c r o s s the a r r a y ) s h i f t e d the p r o f i l e by only 20 ram. 
a d j u s t i n g i n d i v i d u a l wire p o s i t i o n s i n the programme. T h i s 
a l t e r s the f i t t e d c i r c l e completely, however, a l t e r a t i o n s of s e v e r a l 
mm were n e c e s s a r y to produce the r e q u i r e d s h i f t ( i n approximate 
accordance with the c a l c u l a t i o n s of appendix I ) . 
a l t e r i n g the i n s e r t e d d r i f t v e l o c i t y v a l u e s which a f f e c t e d 
the p r o f i l e s s l i g h t l y but peak movements were minimal. 
Some p o s s i b l e e x p l a n a t i o n s of the observed p r o f i l e a r e as 
f o l l o w s : -
I t i s not i m p o s s i b l e t h a t a chamber p o s i t i o n a l e r r o r was 
made and, as a l l the data were c o l l e c t e d from one alignment system, 
future runs w i l l i n v e s t i g a t e t h i s p o s s i b i l i t y . 
The c i r c l e f i t t i n g technique i s by no means s a t i s f a c t o r y but 
has served to perform an i n i t i a l a n a l y s i s . The s e l e c t e d p o i n t s f o r 
the f i t are assumed to be a b s o l u t e l y c o r r e c t using t h i s method, 
whereas a f i t of the l e a s t squares type does not n e c e s s a r i l y pass 
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through the data p o i n t s and a l s o u t i l i s e s a l l data. The f i n a l t r a c k 
f i t t i n g technique w i l l be complicated and taku time to develop^ however, 
b e t t e r r e s u l t s w i l l be y i e l d e d and peak s h i f t s are f e a s i b l e . 
A s i g n i f i c a n t c o n t r i b u t i o n to the data may be from e l e c t r o n s 
emerging from the storage tank a t a point f a r upstream of the a r r a y 
and f o l l o w i n g the s o r t of t r a j e c t o r y i n d i c a t e d i n f i g u r e 7 . 2 4 , t h a t 
i s , a " s t r a i g h t e n i n g " due to the decrease i n magnetic f i e l d s t r e n g t h 
encountered which r e s u l t s i n the p a r t i c l e e v e n t u a l l y r e e n t e r i n g the 
high f i e l d r e g i o n and e x p e r i e n c i n g f u r t h e r bending; the c i r c u l a r 
f i t w i l l now p r e d i c t a f a l s e rnuon r a d i u s . P a r t of the data w i l l 
c e r t a i n l y be c o l l e c t e d i n t h i s way when us i n g the present system, a s , 
f o r t h i s p a r t i c u l a r g - 2 run, counter 10 has been moved c l o s e to 
counter 11 and used as an event t r i g g e r f o r the a r r a y , l e a v i n g a l a r g e 
s e c t o r of the i n n e r storage tank w a l l without any e l e c t r o n absorbing 
m a t e r i a l ( i e . a shower c o u n t e r ) . 
By s u i t a b l e r e l o c a t i o n of e l e c t r o n i c readout c h a n n e l s , a 
sho r t run was made to observe e l e c t r o n t r a c k s i n eigh t chambers and an 
example of an event from t h i s system i s shown i n f i g u r e 7 . 2 5 where the 
t r a j e c t o r y observed i s of a s i m i l a r form to t h a t of f i g u r e 7 . 2 4 . 
The d i s t r i b u t i o n s c o n s t r u c t e d showed t a i l s a t high v a l u e s of 
muon r a d i u s and thus, the p o s s i b l e c o n t r i b u t i o n s to the beam p r o f i l e 
have been i l l u s t r a t e d i n f i g u r e 7 . 2 3 where the shape of the cu r v e s 
drawn can be compared with those of the p r o f i l e s obtained from a 
pr e v i o u s experiment ( 5 ) . The f a c t t h a t the c o n t r i b u t i o n a t t r i b u t e d to 
the unusual t r a j e c t o r i e s of far-upstream ( " i n d i r e c t t r a c k " ) p a r t i c l e s 
appears to be g r e a t e r than t h a t from p a r t i c l e s emerging d i r e c t l y i n t o 
the a r r a y ( " d i r e c t t r a c k " ) i s probably due to the programme s e l e c t i o n 
proce dure. As only " c l e a n t r a c k s " have been s e l e c t e d f o r a n a l y s i s , 
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those events where showering has occurred and, for example, an 
e l e c t r o n - p o s i t r o n p a i r has entered the a r r a y , w i l l be r e j e c t e d . An 
example of a " m u l t i p l e h i t " event i s presented i n f i g u r e 7 . 2 6 where the 
p o s s i b l e t r a j e c t o r i e s of two o p p o s i t e l y charged p a r t i c l e s a r e 
c o n s t r u c t e d by eye, however, i t i s d i f f i c u l t to c o r r e c t l y decipher 
such an i n d i v i d u a l event and s p u r i o u s p u l s e s cannot be r u l e d out. 
M u l t i p l e h i t events are more l i k e l y to be observed f o r the 
d i r e c t t r a c k s as an " e l e c t r o n " with opposite charge to t h a t of the 
c i r c u l a t i n g muons i s r a p i d l y bent the "wrong" way i n t o the magnet 
b l o c k s . I f the showering f a c t o r i s s t i l l s i g n i f i c a n t f o r the t h i n w a l l 
s e c t i o n («o5'& °f a n a l y z a b l e events (^k h i t s ) contained m u l t i p l e c e l l 
h i t s i n at l e a s t one chamber), the r e j e c t i o n of such data f o r the 
d i r e c t t r a c k events w i l l reduce the comparative c o n t r i b u t i o n to the 
p r o f i l e of the l a t t e r . 
The r a t i o of the r e l a t i v e c o n t r i b u t i o n s from the two s o u r c e s 
i s a l s o dependent on the r a t i o of the r e l a t i v e l e n g t h s of s e c t o r s of 
c i r c l e producing t r a c k s i n the a r r a y . Note t h a t the t h r e e p o i n t s used 
f o r f i t t i n g t r a j e c t o r i e s for the i n d i r e c t t r a c k s are more l i k e l y to 
l i e i n the non-uniform f i e l d region and thus, the r e s u l t a n t part of 
the p r o f i l e w i l l be moved to higher r a d i i , thus reducing the p o s s i b i l i t y 
of observing d i s t i n c t l y s e p a r a t e peaks from the two c o n t r i b u t i o n s . 
7 . 4 . 6 The Momentum D i s t r i b u t i o n of E l e c t r o n s 
The momenturn ( i n GeV/c) of a p a r t i c l e bending with r a d i u s of 
c u r v a t u r e R ( i n metres) i n the g - 2 magnetic f i e l d ( 1 ^ . 7 ^ 5 KGauss) can 
be determined using the e x p r e s s i o n : -
Pc = R / 2 . 2 6 ( 7 . D 
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Thus, by using the c i r c l e f i t t i n g technique and determining 
the r a d i u s of c u r v a t u r e of a decay e l e c t r o n observed i n the d r i f t 
chamber a r r a y , i t s momentum can be found i f the assumption of a 
uniform magnetic f i e l d p e r s i s t i n g i n the re g i o n of the t h r e e f i t t e d 
p o i n t s i s made. 
The momentum spectrum determined i n t h i s way, f o r p a r t i c l e s 
appearing to emerge from the storage r e g i o n ( 6920 <R^ <C 7030) i s 
shown i n f i g u r e 7 . 2 7 . A low momentum cut o f f i s observed at ~ 900 
MeV/c due to the t h r e s h o l d s e t t i n g f o r t h i s run and a high momentum 
cut o f f appears at ~ 2500 MeV/c. The l a t t e r i s due to the g e o m e t r i c a l 
acceptance of the a r r a y which, f or the whole run, was s e t back a 
d i s t a n c e of ~ 2 cm from the storage tank w a l l , thus reducing the cut 
o f f l e v e l normally expected of say 2 . 9 GeV/c (note t h a t , although 
e l e c t r o n s of up to the maximum muon momentum of ~ 3 . 1 GeV/c can be 
produced, a 3 . 1 GeV/c e l e c t r o n , f or example, would continue i n s t o r e d 
o r b i t ) . 
To compare b r i e f l y the i n i t i a l e l e c t r o n momenta measurement 
with those observed i n the g - 2 shower c o u n t e r s , the i n t e g r a l spectrum 
i s d i s p l a y e d i n f i g u r e 7 . 2 8 i n terms of the "pulse height b i t " l e v e l s 
• 
d i s c u s s e d i n s e c t i o n 7 . 2 . 3 . Comparing, then, f i g u r e s 7 . 7 .and 7 . 2 3 , 
s l i g h t r e d u c t i o n s i n the " 6 0 0 MeV" and "pulse height D" l e v e l s a r e 
apparent i n the d r i f t chamber measurements, due i n both c a s e s to the 
spectrum cut o f f s , otherwise a s i m i l a r " s t e p " form i s i n d i c a t e d . 
7 . 5 P a r t i c l e T r a j e c t o r i e s i n Non-Uniform Magnetic F i e l d s 
For a s e t of data p o i n t s obtained when a p a r t i c l e , 
t r a v e l l i n g i n a magnetic f i e l d c r o s s e s a wire chamber a r r a y , t h e r e a r 
s e v e r a l p o s s i b l e methods of determining the t r a j e c t o r y : -
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Th e s i m p l e s t method, which has been employed i n the g - 2 data 
a n a l y s i s to date, i s to f i t a c i r c l e through the f i r s t t h r e e p o i n t s 
on the t r a c k . T h i s i s reasonable i n the g -2 a r r a y as the l a t t e r p o i n t s 
are often i n a r e g i o n of f a i r l y uniform magnetic f i e l d and, although 
t h i s f i t y i e l d s an untrue impression of the r e s t of the t r a j e c t o r y i n 
the downstream d i r e c t i o n , the upstream e x t r a p o l a t i o n w i l l be of the 
c o r r e c t ( c i r c u l a r ) form. 
For the f i e l d encountered i n t h i s experiment, the t r a c k s 
produced suggest t h a t a p a r a b o l i c f i t to the data would be a 
reasonable e s t i m a t e . Hence, the c i r c l e technique would be a p p l i e d to 
the f i r s t t h r e e ambiguous h i t p a i r s i n order to s e l e c t a s u i t a b l e 
t r a c k and would then be r e p l a c e d by a l e a s t squares f i t of the form 
2 
Y = a + bx + cx . The curve obtained would be used to s e l e c t the 
c o r r e c t c o o r d i n a t e from the fourth h i t p a i r which would then a l l o w a 
more a c c u r a t e f i t , and so on through a l l the data p o i n t s . 
The best t r a c k r e c o n s t r u c t i o n technique w i l l n e c c e s s a r i l y 
i n c l u d e a magnetic f i e l d parameter ( o f t e n the v e c t o r p o t e n t i a l ) . For a 
non-uniform f i e l d as encountered i n t h i s experiment (approximately an 
e x p o n e n t i a l f a l l o f f of the form B ( 3 ) ~ B ( 1 - e A ) f o r r a d i i R < 
6880 mm), the problem i s n o n - t r i v i a l and s e v e r a l methods have been 
develoi>ed i n high energy l a b o r a t o r i e s ( 6 ) f o r s i m i l a r c i r c u m s t a n c e s . 
The m o d i f i c a t i o n of such an e x i s t i n g programme or the development of a 
s i m i l a r technique w i l l be implemented i n the near f u t u r e . Such a 
f i t t i n g method w i l l be capable of p r e d i c t i n g the c o r r e c t b i r t h p o i n t s 
of any " i n d i r e c t t r a c k " e l e c t r o n s . 
7 . 6 Conc1usion and Future Work 
A working d r i f t chamber a r r a y and data a c q u i s i t i o n system 
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have been i n s t a l l e d i n the g - 2 experiment and the ope r a t i o n of the 
chambers i n t h i s environment has i n c l u d e d a study of e x t e r n a l n o i s e 
s o u r c e s , a b r i e f and encouraging comparison between p r e d i c t e d and 
observed d r i f t v e l o c i t i e s using d r i f t time d i s t r i b u t i o n s , and the 
observing of chamber e f f i c i e n c i e s . 
The l a t t e r q u a n t i t y was found to be dependent on time w i t h i n 
the g - 2 c y c l e because of the many p o s i t i v e i o n s produced i n the 
chambers by the pions of the i n i t i a l f l a s h . I t i s important to reduce 
t h i s e f f e c t a s the amount of e l e c t r o n data d e c r e a s e s e x p o n e n t i a l l y 
with time and work i s p r e s e n t l y i n prog r e s s on the a p p l i c a t i o n of 
pulse d c l e a r i n g f i e l d s to the d r i f t chambers. T h i s i n v o l v e s applying 
a p o s i t i v e square p u l s e of a few hundred v o l t s magnitude to the H.T. 
w i r e s near each sense wire a t the time of the i n i t i a l f l a s h . Hence the 
b u i l d up of p o s i t i v e i o n clouds a s a r e s u l t of the avalanche p r o c e s s 
w i l l be supressed, and the ne g a t i v e i c n s produced by pions i n the gas 
w i l l q u i c k l y f i n d a path to e a r t h v i a the sense wire ( t h e r e s t i l l 
e x i s t i n g a d r i f t f i e l d ) . T h i s i d e a has been t e s t e d on one short run 
during the l a s t g -2 c y c l e , using a t h y r a t r o n based c i r c u i t which was 
designed to apply a blanking p u l s e to the shower coun t e r s during the 
i n i t i a l f l a s h . The a p p l i c a t i o n of a 50 v o l t , 1C jji s p u l s e to one 
chamber improved the " f i r i n g r a t e " i n t h a t chamber by 50%. However, 
s t a t i s t i c s were too low to make any d e f i n i t e c o n c l u s i o n and a thorough 
t e s t i n g of the c i r c u i t i s planned f o r f u t u r e runs. 
Many e l e c t r o n t r a c k events were c o l l e c t e d and a n a l y s e d 
producing a beam p r o f i l e which suggested a major c o n t r i b u t i o n from 
p a r t i c l e s f o l l o w i n g " i n d i r e c t paths"; t h i s would be reduced by 
r e p l a c i n g counter 10 i n i t s u s u a l p o s i t i o n . (A sev e r e mistake i n the 
chamber alignment or a def i c i e n c y i n the t r a c k i n g technique cannot be 
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r u l e d out.) The showering f a c t o r appeared to be much reduced f o r the 
t h i n w a l l s e c t i o n , but was s t i l l s i g n i f i c a n t . 
A more s o p h i s t i c a t e d t r a c k i n g technique, as r e f e r r e d to i n 
s e c t i o n 7.5» w i l l be developed and w i l l a l s o i n c l u d e v a r i o u s software 
c o r r e c t i o n s ( f o r example, the magnetic f i e l d change over the l e n g t h of 
a magnet block as i l l u s t r a t e d i n f i g u r e 6 . 0 ) . Future c a l i b r a t i o n s on 
alignment w i l l probably u t i l i s e h o r i z o n t a l cosmic r a y s and high energy 
leakage p a r t i c l e s from the CET?N P.S. Measurements on the chamber 
r e s o l u t i o n s and d r i f t times i n the curved end w i l l be p o s s i b l e i n t h i s 
way and a complete c a l i b r a t i o n of d r i f t v e l o c i t y w i l l be c a r r i e d out 
when the GERN d r i f t time d i g i t i z e r s are employed. 
The data a c q u i s i t i o n system w i l l e v e n t u a l l y be i n t e g r a t e d 
with th a t of the main experiment and w i l l a l s o i n c o r p o r a t e 
i n f o r m a t i o n from the K.'.V.P.C's. I n t h i s way, i n f o r m a t i o n concerning 
t h r e e dimensional beam p r o f i l e s , a l l o w i n g a complete a n a l y s i s i n terms 
of i n d i v i d u a l p a r t i c l e momenta and t r a c k m u l t i p l i c i t y and d i r e c t i o n , 
w i l l be a v a i l a b l e . 
R e v e r s a l s of the s t o r e d muon p o l a r i t y w i l l n e c e s s i t a t e the 
removal of the chambers to r e v e r s e the e l e c t r i c f i e l d t i l t s . Thorough 
i n t e r n a l c l e a n i n g w i l l be c a r r i e d out on such o c c a s i o n s to minimise 
any long term time degeneracy of performance ( 7 ) . 
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CHAFTBR 8 
CONCLUDING S H A R K S AND FUTURE WORK 
8.1 Comments on the Performance of the g-2 D r i f t Chambers 
The mechanical and e l e c t r i c a l c o n s t r u c t i o n of the production 
model chambers have been proved to be of sound design and the 
performance i n l a b o r a t o r y and a c c e l e r a t o r t e s t s of a l l c e l l s and 
chambers has been v e r i f i e d a s uniform.before experimental 
i n s t a l l a t i o n . A set of operating parameters has been chosen under 
which good r e s u l t s have been obtained, i n p a r t i c u l a r : s p a t i a l 
r e s o l u t i o n s of the order expected of d-rift chambers (~0.1 mm), space-
time l i n e a r i t y ( u n i f o r m i t y of d r i f t v e l o c i t y ) , ICOva e f f i c i e n c y l e v e l s , 
an energy r e s o l u t i o n of <15>s f o r Fe 55 X - r a y s , minimum d i f f u s i o n and 
s u c c e s s f u l o p e r a t i o n i n non-uniform magnetic f i e l d s of s t r e n g t h up to 
15 KGauss have been achieved. The chambers have enabled the s u c c e s s f u l 
study of s e v e r a l e f f e c t s i n c l u d i n g : f l u c t u a t i o n s i n p u l s e h e i g h t , 
e f f i c i e n c y and r e s o l u t i o n , the e f f e c t of v a r y i n g the gas mixture and, 
b r i e f l y , s l a n t e d e l e c t r i c f i e l d s and angled t r a c k s . 
The curved end shape of the chambers has enabled maximum 
s e n s i t i v e d e t e c t i o n a r e a w i t h i n the g-2 magnet pole p i e c e s and 
e l e c t r o n d r i f t has been achieved i n t h i s r e g i o n with s p a t i a l 
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r e s o l u t i o n s of the order 0.3 n\m at B = 0. By applying high e l e c t r i c 
f i e l d s , t h i s r e g i o n has been s u c c e s s f u l l y operated i n strong magnetic 
f i e l d s , but the performance parameters have not yet been f u l l y 
determined under these c o n d i t i o n s . 
The r e s o l u t i o n of normal c e l l s i n magnetic f i e l d s of s t r e n g t h 
up to 7.5 KGauss has been observed to be comparable with t h a t at B = 0, 
and together with the high e f f i c i e n c i e s observed under t h i s c o n d i t i o n , 
i s p r i m a r i l y due to the short d r i f t spaces i n v o l v e d . 
A simple model used to design a magnetic f i e l d compensation 
mechanism and p r e d i c t i n g the d r i f t t i m e - d i s t a n c e v a r i a t i o n expected i n 
the g-2 magnetic f i e l d has been presented. I n i t i a l d r i f t time 
d i s t r i b u t i o n s have suggested good agreement between o b s e r v a t i o n and 
p r e d i c t i o n , however, these c a l i b r a t i o n s a r e by no means complete as 
y e t , due to the l i m i t e d time range of the commercial timing d e v i c e s 
employed. 
The d r i f t chamber a r r a y has been commissioned at GSSN and 
e l e c t r o n t r a c k s have been observed s u c c e s s f u l l y ( r e s o l v i n g 
a u t o m a t i c a l l y the l e f t - r i g h t a m b i g u i t y ) . The i n i t i a l a n a l y s i s of the 
t r a c k data has been simple and has p r e d i c t e d a c i r c u l a t i n g beam 
p r o f i l e of the c o r r e c t shape but s h i f t e d by «>9 cm. I t i s suggested 
t h a t the main c o n t r i b u t i o n to t h i s p r o f i l e comes from p a r t i c l e s 
emerging from the s t o r a g e tank f a r upstream and e n t e r i n g the a r r a y 
a f t e r f o l l o w i n g an i n d i r e c t path. A more r i g o r o u s curve f i t t i n g 
r o u t i n e and the c o n t i n u a t i o n of c a l i b r a t i o n measurements are 
c o n s i d e r e d n e c e s s a r y . 
A source of severe chamber i n h i b i t i o n has been encountered 
( s e c t i o n 7.^.2) which has l i m i t e d e f f i c i e n t data c o l l e c t i o n to times 
>100 us a f t e r pion i n f l e c t i o n . A p o s s i b l e method of reducing the 
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p a r a l y s i s time has been mentioned. 
8.2 Footnote: The Present S t a t e of the g-2 Experiment 
The l a t e s t v a l u e of the anomaly presented by the CERN muon 
storage r i n g c o l l a b o r a t i o n (1) i s : a ( y u + ) = (1,165,895 + 27) x 10~^, 
meaning t h a t a - ( a „ ~ +• a ,) = (-13 ± 2 9 ) x 1 0 - ^ . T h i s r e s u l t has exp vJniU naci 
been a c h i e v e d by the c o l l e c t i o n of some kO m i l l i o n decay e l e c t r o n 
events. The above p r e c i s i o n r e p r e s e n t s a measurement to the l e v e l of 
27 ppm which i s an order of magnitude improvement on the p r e v i o u s 
measurement and v a l i d a t e s the t h e o r e t i c a l v a l u e . The a c c u r a c y of 
measurement w i l l be f u r t h e r improved by the continuation, of data 
t a k i n g i n t o 1976, the continued mapping of the magnetic f i e l d and the 
i n c l u s i o n of data from the g-2 d r i f t chamber a r r a y ; i t i s intended to 
measure (g - 2 ) to 10 ppm. R e s u l t s for JJ. w i l l a l s o be forthcoming and 
i t i s hoped th a t a s i m i l a r amount of data w i l l be c o l l e c t e d f o r both 
p a r t i c l e p o l a r i t i e s . 
8.3 Concluding D i s c u s s i o n 
The main o b j e c t i v e s of t h i s work have been:-
1 ) To d e v i s e a f u l l s e r i e s of experimental t e s t s n e c e s s a r y 
to the development of d r i f t chambers f o r use i n a high energy p h y s i c s 
experiment. 
2) To c a r r y out these t e s t s , and more g e n e r a l l y , make a 
study of the p r o p e r t i e s and problems a s s o c i a t e d with d r i f t chambers 
and the e l e c t r o n d r i f t p r o c e s s . (Because of the e f f o r t i n t h i s f i e l d 
over the past four y e a r s , comparison of c e r t a i n r e s u l t s with those 
c o l l e c t e d independently by other workers can r e a d i l y be made). 
3) To design and b u i l d a set of chambers with c e r t a i n 
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s p e c i a l i s t f e a t u r e s f o r t h e g-2 e x p e r i m e n t , a p p l y i n g t h e t e s t s o f 1 ) , 
and t h u s measuring and o p t i m i z i n g v a r i o u s chamber p a r a m e t e r s . 
k) To i n s t a l l a d r i f t chamber a r r a y and d a t a r e a d o u t -
a c q u i s i t i o n system i n t h e g-2 rnuon s t o r a g e r i n g and a s s u r e i t s p r o p e r 
w o r k i n g o r d e r ( w h i l e making a s t u d y o f t h e e f f e c t on d r i f t chambers o f 
t h i s p a r t i c u l a r e n v i r o n m e n t ) . 
The f u l f i l m e n t o f t h e above o b j e c t i v e s has r e s u l t e d i n t h e 
f o i l o w i n g : -
1 ) A s t u d y o f A r g o n ( 9 0 ) - M e t h a n e ( 1 0 ) as a d r i f t chamber gas 
has been made. 
2) The o p e r a t i o n o f d r i f t chambers i n t h e n o n - u n i f o r m f r i n g e 
f i e l d s o f b e n d i n g magnets has been a c h i e v e d and has e x e m p l i f i e d 
a n o t h e r method f o r s o l v i n g t h e l e f t - r i g h t a m b i g u i t y p r o b l e m . 
3) The problems a s s o c i a t e d w i t h n a r r o w frame chambers and 
u n c o n v e n t i o n a l d r i f t spaces have been i n v e s t i g a t e d ( as w e l l as a 
g e n e r a l s t u d y o f t h e p r i n c i p l e s and o p e r a t i n g problems o f w i r e 
chambers). 
i f ) The c o l l e c t i o n o f i n i t i a l r e s u l t s f r o m t h e g-2 a r r a y has 
s e r v e d as a g u i d e t o f u t u r e work on t h e system. 
By complementing t h e work o f o t h e r g r o u p s and by s u c c e s s f u l l y 
o p e r a t i n g d r i f t chambers i n an e x p e r i m e n t , t h i s s t u d y has i l l u s t r a t e d 
t h e f e a s i b i l i t y o f u s i n g such d e t e c t o r s i n h i g h energy p h y s i c s , and 
p r e s e n t l y , t h e d r i f t chamber i s w e l l f a v o u r e d i n t h e d e s i g n o f new 
e x p e r i m e n t a l a r r a y s . 
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8.4 Some Recent Id e a s i n D r i f t Chamber V.'ork 
To d a t e , t h e d r i f t chamber t e c h n i q u e has by no means been 
f u l l y e x p l o i t e d and many new developments a r e c u r r e n t l y under s t u d y . 
For i n s t a n c e , some new i d e a s c o n c e r n i n g d r i f t chambers were p r e s e n t e d 
by Charpak i n May 1 9 7 5 ( 2 ) : -
By s c a t t e r i n g p r o t o n s o f t h e energy range 0.5 - 1.0 GeV f r o m 
a s o l i d o b j e c t , a t h r e e - d i m e n s i o n a l image o f t h e o b j e c t can be 
o b t a i n e d w i t h t h e use o f h i g h a c c u r a c y d r i f t chambers. I n i t i a l r e s u l t s 
have i m p l i e d p o s s i b l e a p p l i c a t i o n s o f t h i s t e c h n i q u e t o r a d i o l o g y i n 
m e d i c a l p h y s i c s . 
W i t h n o v e l - d e s i g n chambers i n c o r p o r a t i n g c o n v e r t e r m a t e r i a l s , 
n e u t r a l r a d i a t i o n o f v a r i o u s e n e r g i e s has been d e t e c t e d and a c c u r a t e l y 
l o c a t e d u s i n g d r i f t chamber t e c h n i q u e s ( 5 ) . 
D r i f t chambers have been i n s t r u m e n t a l i n t h e s t u d y o f 
c r y s t a l l a t t i c e s , t h e i r h i g h s p a t i a l a c c u r a c y g i v i n g t h e r e q u i r e d 
r e s o l u t i o n i n d e t e r m i n i n g t h e a n g u l a r d i s t r i b u t i o n s o f s c a t t e r e d h i g h 
energy p a r t i c l e s . 
A n o v e l d e t e c t o r , t h e " s c i n t i l l a t i n g d r i f t chamber", makes 
use o f t h e l i g h t e m i t t e d on t h e d e e x c i t a t i o n o f atoms u n d e r g o i n g 
c o l l i s i o n s w i t h i o n i z a t i o n e l e c t r o n s . The ph o t o n s produced can be 
w a v e l e n g t h s h i f t e d and d e t e c t e d i n s t a n d a r d p h o t o m u l t i p l i e r t u b e s . By 
u s i n g l o w d r i f t f i e l d s t h r o u g h o u t most o f t h e chamber ( r e d u c i n g t h e 
gas m u l t i p l i c a t i o n and t h u s d e c r e a s i n g t h e number o f p o s i t i v e i o n s 
p r o d u c e d ) , h i g h o p e r a t i n g r a t e s can be a c h i e v e d by t h i s d e v i c e . 
T h ere has r e c e n t l y been work done on t h e s i m p l i f i c a t i o n o f 
d r i f t chamber c o n s t r u c t i o n . By u s i n g l a r g e d r i f t spaces t h e number o f 
sense w i r e s can be r e d u c e d , l e a v i n g t h e H.T. w i r e p l a n e s as t h e o n l y 
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c o m p l i c a t e d p a r t o f t h e c o n s t r u c t i o n a l t e c h n i q u e . Atac and T a y l o r have 
r e p o r t e d ( i f ) t h e s u c c e s s f u l l a b o r a t o r y t e s t i n g o f a p r o t o t y p e d r i f t 
chamber i n which p a r a l l e l , 5 0 / ^ E t h i c k A l u m i n i u m f o i l s have r e p l a c e d 
H.T. w i r e s as a f i e l d s h a p i n g d e v i c e . S p a t i a l r e o l u t i o n s o f 1 0 0 - 1 5 0 
^Um were o b t a i n e d w i t h 1 0 rnra d r i f t spaces and a gas m i x t u r e o f A r / 
C 2 H 2 / C I V 
The r e p l a c e m e n t o f H.T. w i r e s by p l a n e s w i t h d e p o s i t e d m e t a l 
s t r i p s would e n a b l e e l e c t r i c f i e l d d i s t r i b u t i o n s and c e l l c o n s t r u c t i o n 
t o a s s i m i l a t e t h e t y p e o f chamber m o s t l y c o n s i d e r e d i n t h i s t h e s i s . 
I n i t i a l work on t h i s t e c h n i q u e c a r r i e d o ut by t h e N u c l e a r 
I n s t r u m e n t a t i o n ( N . I . ) g r o u p a t Durham has uncovered problems o f 
d i e l e c t r i c charge-up o f c e r t a i n m a t e r i a l s used f o r H.T. p l a n e bases, 
t h u s p r o d u c i n g n o n - u n i f o r m and u n s t a b l e g a i n p r o p e r t i e s i n t h e 
chamber. 
The t e c h n i q u e s d e v e l o p e d i n t h i s t h e s i s have e n a b l e d t h e 
p l a n n i n g o f f u t u r e work and some f u r t h e r s t u d i e s t o be made a t Durham 
i n v o l v i n g d r i f t chamber t e c h n i q u e s t o g e t h e r w i t h p o s s i b l e f u t u r e 
developments o f t h e s e d e t e c t o r s w i l l be d i s c u s s e d n e x t . 
8 . 5 F u t u r e Work on D r i f t Chambers 
V/ork i s c o n t i n u i n g on t h e g - 2 d r i f t chamber a r r a y as 
d i s c u s s e d i n s e c t i o n 7 . 6 and i t i s i n t e n d e d t o c o n t i n u e c o l l e c t i n g 
d a t a f o r a p p r o x i m a t e l y one y e a r w i t h h o p e f u l l y a r e s u l t i n g 
c o n t r i b u t i o n t o t h e a c c u r a c y o f t h e main e x p e r i m e n t a l measurement. 
Two o t h e r m a j o r d r i f t chamber p r o j e c t s a r e c u r r e n t l y under 
c o n s i d e r a t i o n by t h e Durham N . I . g r o u p : -
V/ork has s t a r t e d on e x t e n d i n g t h e X-ray i m a g i n g t e c h n i q u e s 
- 1 2 9 -
r e p o r t e d by o t h e r g r o u p s ( 3 ) prime i n t e r e s t s b e i n g t o o p t i m i z e t h e 
X-ray c o n v e r t e r e f f i c i e n c y and i m p r o v e energy r e s o l u t i o n ( 5 ) ; f u t u r e 
m e d i c a l a p p l i c a t i o n s a r e i m p l i e d . 
I t i s i n t e n d e d t o use a system o f m u l t i w i r e d r i f t chambers 
as a f a s t e v e n t t r i g g e r f o r a r a p i d c y c l i n g b u b b l e chamber i n t h e 
i n v e s t i g a t i o n o f A -p i n t e r a c t i o n s a t t h e R u t h e r f o r d L a b o r a t o r y ( 6 ) . 
A t h r e e hundred w i r e system i s e n v i s a g e d ( 7 ) , 5 cm d r i f t spaces w i l l 
be employed and a 2 0 KGauss magnetic f i e l d w i l l be e n c o u n t e r e d . New 
c o n s t r u c t i o n a l t e c h n i q u e s w i l l be a p p l i e d , i n p a r t i c u l a r , c u r v e d 
chambers w i l l p r o b a b l y be used t o s u r r o u n d t h e b ubble chamber, t h u s 
p r o d u c i n g n e a r - n o r m a l d i r e c t i o n s o f p a r t i c l e i n c i d e n c e as an 
a l t e r n a t i v e t o t h e p r o b l e m s o f a n g l e d t r a j e c t o r i e s i n an a l r e a d y 
c o m p l i c a t e d t h r e e d i m e n s i o n a l t r a c k measuring system. 
The Durham U n i v e r s i t y A s t r o p h y s i c s group has r e c e n t l y been 
i n v o l v e d i n work on a d r i f t chamber a r r a y f o r use i n h i g h energy 
gamma r a y astronomy s t u d i e s i n v o l v i n g a t r a n s a t l a n t i c balloon f l i g h t 
( 8 ) . The e x p e r i m e n t i s a Southampton U n i v e r s i t y - / ] . S. T. E. C. 
c o l l a b o r a t i o n and t h e chambers w i l l be b u i l t by t h e I.H.D. company. 
S p a t i a l r e s o l u t i o n s o f C . 5 mm i n each chamber, a n g u l a r r e s o l u t i o n s o f 
t h e o r d e r 2 ° and a d e t e c t i o n e f f i c i e n c y f o r IOC HeV ^ - r a y s o f 15% 
a r e e x p e c t e d f o r t h e whole a r r a y . The y-ray c o n v e r t e r s a r e 
i n c o r p o r a t e d i n t o t h e chamber d e s i g n i n t h e f o r m o f \% r a d i a t i o n 
l e n g t h p e r s p e x windows. 
Work has been done on low p r e s s u r e d r i f t chambers ( 9 ) v / i t h 
t h e advantage o f p r e s e n t i n g s m a l l s t o p p i n g power t o s t r o n g l y i o n i z i n g 
p a r t i c l e s , and complementing t h e need o f e x t r e m e l y t h i n windows f o r 
such r a d i a t i o n . V a r y i n g t h e p r e s s u r e i n d r i f t chambers may r e c e i v e 
- 1 3 0 -
f u t u r e s t u d y , i n p a r t i c u l a r , l i q u i d d r i f t chambers o f f e r i n t e r e s t i n g 
p o s s i b i l i t i e s . 
I n g e n e r a l , f u t u r e developments c o n c e r n i n g t h e b a s i c 
p r i n c i p l e o f t h e d r i f t chamber d e t e c t o r w i l l i n v o l v e i m p r o v i n g t h e 
s p a t i a l r e s o l u t i o n c a p a b i l i t i e s ( w i t h p a r t i c u l a r emphasis on o p e r a t i n g 
gas m i x t u r e s ) , and d e v e l o p i n g cheaper and f a s t e r r e a d o u t methods. 
- 1 3 1 -
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APPENDIX I 
SOKE G EO.'ET RIC A.L CONSIDERATIONS 0 ? THE g - 2 DP I FT CHAMBER ARRAY 
a) A n g l e s o f P a r t i c l e . I n c i d e n c e 
The r a d i u s o f c u r v a t u r e (R) o f e l e c t r o n s i n a magnetic f i e l d 
(B) i s d e t e r m i n e d by t h e c l a s s i c a l e x p r e s s i o n : -
2 
Bev = mv /R 
i e . R = ^m Qc/Be = E/Bec 
w h i c h f o r energy (E) i n GeV and R i n metres r e d u c e s t o ( f o r a 1 5 
KGauss f i e l d ) : -
R = 2 . 2 ? . E ( i ) 
Co n s i d e r an e l e c t r o n emerging f r o m t h e c e n t r e o f t h e vacuum 
v e s s e l and i n t e r s e c t i n g t h e f i n a l d r i f t chamber a f t e r t r a v e l l i n g a 
r a d i a l d i s t a n c e i n w a r d s x ( f i g u r e A 1 ) . For t h e maximum a n g l e o f 
i n c i d e n c e on t h i s chamber, x 0 . 5 ^ ( 0 . 2 2 ra fro m t h e shower c o u n t e r 
s e n s i t i v e l e n g t h ) . The geometry o f f i g u r e A 1 t h u s y i e l d s f o r t h e 
maximum a n g l e o f i n c i d e n c e ( o * ( E ) ) subtended by t h e t a n g e n t T:-
F I G A1 C O N S T R U C T I O N F O R A N G L E D T R A J E C T O R I E S O F 
D E C A Y E L E C T R O N S I N T H E 
/ T D R I F T C H A M B E R S 
(x .y . ) 
R 
F I G A 2 C O N S T R U C T I O N F O R D E T E R M I N I N G 




' X,Y, X,Y 2 
.muon 






F I G A 3 C O N S T R U C T I O N F O R D E T E R M I N I N G 
T H E M U O N D E C A Y R A D I U S 
common 
tangent 
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ot(E) = a r c t a n f L \ = a r c t a n ( i i ) 
However, t h i s v / i l l be an o v e r e s t i m a t i o n a s the t r a c k s w i l l 
s t r a i g h t e n a s B de c r e a s e s r a d i a l l y inwards; t h e r e f o r e a second estimate 
of the maximum angle i s : -
o ^ ( E ) = a r c t a n / x \ = a r c t a n . 
R - x 
( i i i ) 
Thus, f o r v a r i o u s e l e c t r o n e n e r g i e s we have:-
E(GeV) • « ° 
1 . 0 3 0 . 1 1 5 . 1 
1 . 5 1 2 . 3 
2 . 0 2 1 . 2 1 0 . 6 
2 . 5 1 8 . 9 9 . 5 
3 . 0 1 7 . 3 8 . 6 
The t r u e v a l u e s ( c * ( E ) ) of the upper l i m i t of angle of 
max 
i n c i d e n c e w i l l be between the v a l u e s of o< and c<^ but, on 
c o n s i d e r a t i o n of a l l t r a j e c t o r i e s and a l l chambers, a n g l e s v / i l l be 
mostly much l e s s than oL and thus cause l i t t l e d i s t u r b a n c e to the 
max 
space-time c h a r a c t e r i s t i c s . 
b ) Approximate E r r o r s i n Tr a c k R e c o n s t r u c t i o n 
Assuming the c e n t r e of the c i r c l e u n i q u e l y d e f i n e d by t h r e e 
p o i n t s ( X l t Y^, ( X 2 , Y 2 ) , (X^, Y y on the t r a c k d e f i n e s an o r i g i n , 
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the equation of the c i r c l e i s : -
Y 2 + X 2 = R 2 ( i v ) 
The t h r e e simultaneous equations obtained on i n s e r t i n g t h e s e 
p o i n t s i n t o equation ( i v ) may be reduced to the s i n g l e equation:-
R 2 = Y x 2 - X 1 2 ( Y 2 2 - Y 3 2 ) ( v ) 
<x 2 2 - x 3 2 ) 
For an e r r o r i n each Y-value of AY, the maximum e r r o r ( ^  R) 
on the r a d i u s o c c u r s when A Y f o r Y 2 i s i n the opposite sense to those 
f o r Y^ and Y^ a s i n d i c a t e d i n f i g u r e A 2 (note t h a t the erroneous 
c i r c l e i s not c e n t r e d on the o r i g i n , however, assume t h i s does not 
a f f e c t the f o l l o w i n g c a l c u l a t i o n ) . Thus:-
(R • A H ) 2 = ( Y 1 + A Y ) 2 - x X ( ( Y 2 + A Y ) 2 - '(y - A Y ) 2 ) ( v i ) 
( x 2 2 - x 3 2 ) 
s u b t r a c t i n g ( v ) from ( v i ) g i v e s : -
2R AR + A R 2 = A Y 2 - 2 A YY, - 2 A Y X , 2 ( Y „ - Y , ) : ( v i i ) 
1 1 c 5 
( x 2 2 - x 3 2 ) 
Now, i f (X^, Y^) i s the point of b i r t h of the e l e c t r o n , 
l y i n g on the c i r c l e determined by equation ( i v ) , then:-
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2 ? 2 Y. = I T - X, 
(Y^ + A Y ^ ) 2 = (R + A R ) 2 - X^ 2 
thus 2 Y ^ A Y^ + A Y ^ 2 = 2 R A R + A R 2 
which from equation ( v i i ) g i v e s : -
A Y 2 - 2 A Y / Y 1 + X X 2 ( Y 2 + Y 3 ) \ - ( 2 Y ^ A Y ^ + A Y ^ 2 ) = 0 
• _ ( x 2 2 - x 3 2 ) 
s o l v i n g t h i s q u a d r a t i c i n AY g i v e s : -
A Y = A — J A2 + ( 2 Y Z + A Y / + •* A Y ^ 2 ) ( v i i i ) 
(where A = Y x + X 1 2 ( Y 2 + Y^) ) 
( x 2 2 - x 3 2 ) 
From f i g u r e s A 1 and A 2 , and knowing the s e p a r a t i o n of the 
d r i f t chambers, f i t t i n g c i r c l e s through the t h r e e downstream chambers 
we have t h a t : X± ^ L, X-, - (L - 0 . 1 ) , X^ s (L - 0 . 2 ) and X^ = 0 ( a l l 
i n m e t r e s ) , from whence the v a l u e s of Y^, Y-, and Y^ can be determined 
f o r c e r t a i n energy t r a c k s . Thus, the f o l l o w i n g t a b l e can be formed, 
u s i n g equation ( v i i i ) : -
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E(GeV) Required Values of 
For AY. = 1 mm For AY, = 2 mm 
1 0.08 mm 0.16 mm 
2 0.06 mm 0.11 mm 
S i m i l a r l y , assuming &Y — 0.1 mm g i v e s the f o l l o w i n g e r r o r s 
, i n the r a d i u s of e l e c t r o n b i r t h : -
E(GeV) *\ 
1 1.2 mm 
2 1.8 mm 
These c a l c u l a t i o n s have c o n s i d e r e d maximum l e v e r a g e i n 
t r a c k r e c o n s t r u c t i o n and i n only an approximate way, however, the 
order of magnitude of r e s u l t s i n d i c a t e s the requirements i n t h i s 
experiment of d e t e c t o r s capable of s p a t i a l r e s o l u t i o n s of a f r a c t i o n 
of a mm. 
c ) Beam P r o f i l e R e c o n s t r u c t i o n 
D r i f t times from t h r e e chambers can be converted i n t o 
c a r t e s i a n c o o r d i n a t e s (X^, Y 1 ) , ( X 2 > Y^) and (X^, Y^) i n the system 
v/here (0, 0) i s the c e n t r e of the storage r i n g , and determine the 
unique c i r c l e ( r a d i u s R, c e n t r e (p, q ) ) : -
(X - p ) 2 + (Y - q ) 2 = R 2 ( i x ) 
p, q and R are determined from the s o l u t i o n of the t h r e e simultaneous 
-137-
equations u t i l i z i n g the above t r a c k data and equation ( i x ) , and are 
given by:-
. p = F/A (D - C). - E + C (x) 
2(BF/A - G) 
q = D - C - 2Bp ( x i ) 
2A 
R = J q 2 - 2Y 1q + p 2 - 2X 1p + C ' ( x i i ) 
where: A = Y 2 - Y^ 
B = X 2 - X1 
2 2 C » Y 1 + X x 
2 2 D - Y-, + X 2 
2 2 E = Y^ + X^ 
F = Y^ - Y, 
G = X 3 - X x 
(From the l e f t - r i g h t ambiguity, t h r e e p a i r s of p o i n t s a r e 
obtained, a l l o w i n g eight p o s s i b l e c i r c l e s to be c o n s t r u c t e d . The 
c o r r e c t c i r c l e i s chosen a s mentioned i n the main t e x t . ) 
-138-
T a n g e n t i a l l i t y (v/ithin the storage tank) of t h i s 
r e c o n s t r u c t e d t r a c k with the muon o r b i t c i r c l e , determines the point 
of b i r t h ( X * , Y' ) of the e l e c t r o n . From f i g u r e A 3, t h i s c o n d i t i o n i s 
observed when the l i n e Y = (q/p). X i n t e r s e c t s the c i r c l e of equation 
( i x ) , thus i n terms of Y ' t h i s r e q u i r e s : -
Up/q)Y' - p ) 2 + ( Y ' - q ) 2 = R 2 
i e . Y , 2 ( ( p 2 / q 2 ) + 1) - Y'((2p 2/q) + 2q) + ( p 2 q 2 - R 2 ) = 0 
f 2~ 2* 2" * 
where the hi g h e s t root, q + J R / ( l + p /q ) , determines Y' , and 
x' = (p/q ) Y . The muon r a d i u s f o r a p a r t i c u l a r t r a c k i s then given by: 
-139-
APPENDIX I I 
MEASUREMENTS INVOLVING TILTED ELECTRIC FIELDS AT B = 0 
a) E f f i c i e n c i e s 
F i g u r e kk shov/s the e f f i c i e n c y - v o l t a g e c h a r a c t e r i s t i c s 
obtained f o r v a r i o u s e l e c t r i c f i e l d t i l t s ( 1 , 2 and 3 H.T. wire 
s p a c i n g s ) i n g-2 chamber c e l l s , using a c o l l i m a t e d 1 mCi Sr90 ^3-
source a t a d i s t a n c e of 7 mm from the sense wire. The data have been 
c o r r e c t e d f o r background counts but are otherwise unnormalised. The 
r e s u l t s were recorded using a c a r e f u l l y - p o s i t i o n e d , low-noise P.M.-
s c i n t i l l a t o r t r i g g e r of w e l l defined s e n s i t i v e a r e a ( l e s s than t h a t of 
the d r i f t chamber c * l l ) , with a T.A.C.-P.H.A. timing system g e n e r a t i n g 
a gate width of 1.0 JUB. L O W input impedance a m p l i f i e r s were employed 
with output d i s c r i m i n a t i o n l e v e l s of 100 mV and the outputs from each 
of the c e l l s a d j a c e n t to that under i n v e s t i g a t i o n were ORed i n t o the 
stop l i n e i n order to obtain a f a i t h f u l e f f i c i e n c y c h a r a c t e r i s t i c 
throughout the c e l l . 
P l a t e a u l e v e l s of ~1QQ% are observed and the c u r v e s obtained 
f o r 1 and 2 t i l t s a r e almost i n s e p a r a b l e and of s i m i l a r v a l u e s to the 
u n t i l t e d f i e l d c a s e , whereas t h a t obtained from a 3 t i l t c o n f i g u r a t i o n 
d i s p l a y s a p l a t e a u being reached at lower a p p l i e d v o l t a g e s . These 
v a r i a t i o n s a r e i n accordance with the pu l s e height v a r i a t i o n s of 
F I G A4 : E F F I C I E N C Y - VOLTAGE CURVES I FOR TILTED E L E C T R I C F I E L D 
CONFIGURATIONS ) AT A DISTANCE OF 7 m m FROM THE S.W. 
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f i g u r e 4.6 and dependent on d i s c r i m i n a t i o n l e v e l . I t was also n o t i c e d , 
as might be expected, t h a t breakdown occurred at lower a p p l i e d v o l t a g e 
l e v e l s as the t i l t v/as increased. 
Figure A5 shows a s i m i l a r s e r i e s of curves obtained at a 
c o l l i r a a t i n g s l i t distance of 13 from the sense v/ire ( 1 mm from the 
p o t e n t i a l w i r e ) . Here, the curves do not a t t a i n plateau l e v e l s u n t i l 
h igher v o l t a g e s are a p p l i e d and the l e v e l s decrease as f i e l d t i l t i s 
increased. The former e f f e c t i s due t o a c e r t a i n f r a c t i o n of the i o n s 
formed i n the gas being e j e c t e d from the chamber (due t o the angle of 
the d r i f t f i e l d ) , r e s u l t i n g i n a decrease i n pulse height and thus a 
decrease i n e f f i c i e n c y at any p a r t i c u l a r v o l t a g e ( f o r a constant 
d i s c r i m i n a t i o n leve]). As the f i e l d i s increased, f o r the l - t i l t case, 
the m u l t i p l i c i t y i n the avalanche proces.5 i s s u f f i c i e n t t o r e s t o r e 
100% e f f i c i e n c y i n s p i t e of the depleted number of swarm electrons", 
f o r 2 and 3 t i l t s , g r e a t e r losses r e s u l t i n lower p l a t e a u l e v e l s . To 
e x p l a i n the p l a t e a u l e v e l s i n a more q u a n t i t a t i v e manner would 
r e q u i r e a p r e c i s e knowledge of the e l e c t r o n f l o w l i n e s , the l a t t e r -
being responsible f o r the 100% e f f i c i e n c y plateaus obtained throughout 
much of the c e l l (as f o r example i n f i g u r e A i f ) . 
Figure A6 shows an e f f i c i e n c y scan across the p o t e n t i a l 
v/ire r e g i o n f o r 1, 2 and 3 t i l t s of a basic e l e c t r i c f i e l d ( E q ) of 
617 Vcm"1 ( V m i n = 1^97 V). E f f i c i e n c y troughs r e s u l t i n g from the 
e j e c t i o n of deposited i o n s are c l e a r l y seen and the i n e f f i c i e n c y 
increases w i t h t i l t . However, due t o the flow l i n e t r a j e c t o r i e s of the 
d r i f t i n g swarm, ~ 100% e f f i c i e n c y i s r e s t o r e d a t a distance of ~ 5 rare 
from the p o t e n t i a l wire f o r the 3 - t i l t c o n f i g u r a t i o n . Also i n d i c a t e d 
i n the f i g u r e i s the p r e d i c t e d v a r i a t i o n of the percentage of 
deposited i o n i z a t i o n c o l l e c t e d at the sense wire f o r a 2 - t i l t e l e c t r i c 
FIG A6 '• THE EFFIC IENCY IN THE P.W. REGION OF A C E L L FOR 
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f i e l d . T h is was based on a simple geom e t r i c a l model which considered 
the probable paths o f e l e c t r o n s s t a r t i n g from the i n i t i a l t r a c k 
(across the gap between high voltage planes) and t r a v e l l i n g i n an 
e l e c t r i c p o t e n t i a l c o n f i g u r a t i o n s i m i l a r t o (but s i m p l i f i e d ) t h a t o f 
f i g u r e 3.9. The maximum i n e f f i c i e n c y i n c u r r e d by such a t i l t of 
e l e c t r i c f i e l d i s not as great as t h a t suggested by t h i s model and i s 
probably a r e s u l t of the p o t e n t i a l b a r r i e r s presented t o the d r i f t 
e l e c t r o n s by the H.T. planes which help t o c o n t a i n the swarms v / i t h i n 
the c e l l . 
The v a r i a t i o n s of the F.'A'.H.M's of the troughs w i t h angle of 
e l e c t r i c f i e l d i s i n d i c a t e d i n f i g u r e A?. On d e f i n i n g a "dead space" 
as the e f f e c t i v e w i d t h o f a region w i t h 100?o i n e f f i c i e n c y having the 
same area as the measured p a r t i a l l y - i n e f f i c i e n t r e g i o n , a smooth 
v a r i a t i o n of t h i s q u a n t i t y w i t h e l e c t r i c f i e l d angle i s observed as 
shown i n the same f i g u r e . Also i n f i g u r e A7, the maximum: i n e f f i c i e n c y 
i s shown to be a r a p i d l y i n c r e a s i n g f u n c t i o n of e l e c t r i c f i e l d t i l t . 
From these r e s u l t s , an i n e f f i c i e n t r e g i o n i n the l a s t few mm of a g-2 
c e l l i s expected f o r an e l e c t r i c f i e l d at 1+5° t o the sense wire plane 
o p e r a t i n g i n no magnetic f i e l d . I t must be mentioned t h a t t h i s e f f e c t 
would be more serious f o r l o n g e r d r i f t spaces, but f o r a g-2 c e l l , 
w i l l be r a p i d l y reduced as B i s increased towards ~15 KGauss. 
The i n v e s t i g a t i o n s described above v/ere continued f o r 
v a r i o u s values of high v o l t a g e (V , ) a p p l i e d t o the p o t e n t i a l wire 
P. w. 
and i t was found t h a t no s i g n i f i c a n t worsening o f the e f f i c i e n c y 
v a r i a t i o n i n t h i s r egion was apparent u n t i l V < V, of f i g u r e 3.8. 
The e f f i c i e n c y curve was also seen t o be a f u n c t i o n of V . (V ) as J rnm app' 
expected. 
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b) D r i f t Times 
Figure AS shows the r e s u l t of scanning a g-2 p r o t o t y p e 
chamber across the c o l l i r a a t e d /3-ray beam and measuring the p o s i t i o n s 
on the P.H.A. d i s p l a y of t i m i n g d i s t r i b u t i o n peaks at 2 mm i n t e r v a l s . 
The e l e c t r i c f i e l d c o n f i g u r a t i o n i n the chamber f o r t h i s t e s t was: 3 
t i l t s f o r c e l l s 1 and 2, 2 t i l t s f o r c e l l s 3> 4 and 5 and 1 t i l t f o r 
c e l l s 6, 7 and 8 (S = 574 Vcm - 1). The outputs from a l l ' c e l l s were 
ORed i n t o the stop l i n e . 
L i n e a r space-time v a r i a t i o n s are observed throughout most 
of the d r i f t spaces, but some d e v i a t i o n from t h i s form i s seen t o 
occur at c e l l boundaries. The f l o w l i n e t r a j e c t o r i e s o f e l e c t r o n 
swarms i n such a c o n f i g u r a t i o n are complicated; the basic d r i f t 
d i r e c t i o n w i l l be at an angle ( f t ) e q u a l l i n g the e l e c t r i c f i e l d t i l t 
angle, but, because of the c o n t a i n i n g H.T. b a r r i e r s and the f i e l d 
c o n f i g u r a t i o n i n the sense wire r e g i o n , many paths are p o s s i b l e f o r 
ion s deposited along t r a c k s normal t o the sense wire plane. I n gene r a l , 
g r e a t e r values of v/ould be expected t o produce more diverse f l o w 
l i n e s and hence longer observed d r i f t times. T h i s e f f e c t was v e r i f i e d 
on c o n s i d e r i n g the f o l l o w i n g values of d r i f t v e l o c i t y (w ; j) d e r i v e d 
by averaging the g r a d i e n t s of the uniform p a r t s of the space-time 
v a r i a t i o n s (w7/ ( $ = 0) = 35-6 rain^s""1):-
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d r i f t (( f t - (9) from chapter 6) i s o f t e n small compared w i t h the 
above angles, hence many e l e c t r o n s w i l l f l o w i n such a d i r e c t i o n f o r 
much of t h e i r existence and thus the expected values o f w^(^ , E, B) 
can be more r e a d i l y p r e d i c t e d . 
-3M-
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